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Abstract  
  
The  incidence  of  premature  birth  is   increasing  in  absolute  number  and  as  a  proportion  of  all  births  
around  the  world.  Many  pathologies  seen  in  this  cohort  are  related  to  abnormal  blood  supply.  Fetal  
and   premature   cardiovascular   systems   differ   greatly   as   to   maintain   adequate   blood   flow   to   the  
developing  organs  in  the  uterine  and  extra-­‐uterine  environments  require  very  different  circulations.  
Subsequently   following   preterm   birth   the   immature   cardiovascular   system   undergoes   abrupt  
adaptations,   often   resulting   in   the   prolonged   patency   of   the   fetal   shunt,   ductus   arteriosus.   The  
impact  of  a  patent  ductus  arteriosus   (PDA)   is  poorly  understood.  However   it   is   thought   that   large  
ductal  shunt  volumes  may  result  in  congestive  cardiac  failure  and  systemic  hypo-­‐perfusion.  
Cardiac   MRI   has   contributed   greatly   to   the   understanding   of   many   cardiovascular   diseases   and  
congenital  defects   in  paediatric  and  adult  patients.  Translating  these   imaging  techniques   to  assess  
the   preterm   cardiovascular   system   requires   careful   optimization   due   to   their   condition,   size   and  
significantly  increased  heart  rate.  The  work  presented  in  this  thesis  employs  multiple  functional  CMR  
techniques   to   investigate   the  preterm  cardiovascular   system   in   the  presence  and  absence  of  PDA  
and  the  resultant  cardiac  function.    
A  novel  technique  utilizing  PC  MRI  to  quantify  PDA  shunt  volume  and  its  impact  on  flow  distribution  
is   presented.   Despite   large   shunt   volumes,   systemic   circulation   remained   within   normal   range,  
although   slight   reduction   is   detectable  when   assessed   at   group   level.   Subsequently   the   impact  of  
PDA   and   associated   increased   work   load   on   left   ventricular   dimensions   and   function   was   then  
investigated  using  SSFP  imaging.  Results  indicated  that  cardiac  function  was  maintained  even  in  the  
presence  of   large  shunt  volumes.  Finally  4D  PC  sequences  were  employed  to  evaluate  pulse  wave  
velocity   and   flow   regime  within   the  preterm  aorta,  demonstrating   the   feasibility  of  hemodynamic  
assessment  in  this  cohort.  The  findings  of  these  studies  provide  insight  into  the  impact  of  PDA.  The  
reliable  measurement  and  assessment  of  preterm  cardiovascular   system  provides   the  potential   to  
improve   the   understanding   of   the   development   and   effects   of   certain   pathologies   seen   in   this  
cohort.          
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Chapter  1  
Thesis  Overview  
1.1  Motivation  
The   incidence   of   premature   birth   is   increasing   in   absolute   number   and   as   a   proportion   of   all  
births  around  the  world  (Yeaney  et  al.  2007).  Advances  in  perinatal  care  mean  that  survival  rates  
in   preterm   and   furthermore   extremely   preterm   infants   are   increasing,   but   these   infants   are  
more  likely  to  have  long  term  morbidities  and  adverse  neurodevelopmental  outcome  compared  
to  their  term  born  peers.  20-­‐25%  of   infants  born  <1kg  have  at   least  one  major  disability  and  a  
further  50%  will  have  subtle  disabilities  presenting  at  school  age  (Mangham  et  al.  2009).    
The  reasons  for  preterm  births  are  numerous,  poorly  understood  and  are  outside  the  scope  of  
this  thesis.  Despite  much  research  on  its  prevention,  the  incidence  of  premature  birth  continues  
to   increase.   It   is   therefore  widely   accepted   that   a   focus   to   advance   the   understanding   of   the  
pathophysiology   of   prematurity   to   improve   care   and   treatment   in   preterm   infants   is   vital  
(Goldenberg  et  al.  1998).    
Adverse   neurodevelopmental   outcome,   necrotising   enterocolitis   (NEC)   and   pulmonary  
haemorrhaging  are  some  of  the  common  pathologies  seen  in  preterm  infants,  all  of  which  are  
associated  with  abnormal  blood  supply  (Cheromcha  et  al.  1988)  (Sankar  et  al.  2008)  (Sasi  et  al.  
2011).   The   immature   preterm   cardiovascular   system   has   undergone   the   transformation   from  
fetal   to   extra   uterine   life  when   it   is   not   structurally   equipped   to   do   so   (Agarwal   et   al.   2007)  
(Murphy,   2005)   (Wyllie,   2003).   The   cardiovascular   immaturity   can   result   in   the   prolonged  
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patency  of  remnant  fetal  shunts,  the  most  significant  being  the  patent  ductus  arteriosus  (PDA).  
Prolonged  PDA  is  thought  to  cause  abnormal  pulmonary  and  systemic  flow  (Agarwal  et  al.  1997).    
The  ability  of  organs  to  function  largely  relies  upon  an  adequate  blood  supply.  It  is  thought  that  
the   immature  preterm  cardiovascular   system,  and  more  specifically   the  PDA  and   the   resulting  
haemodynamics,  correlate  to  the  presence  and  development  of  many  pathologies  seen   in  this  
population   (Cheromcha   et   al.   1988)   (Volpe,   1997).   The   ability   to   reliably  measure   and   assess  
preterm   cardiac   function   and   blood   flow   distribution   in   the   presence   and   absence   of   PDA  
provides   the   potential   to   improve   the   understanding   of   the   impact   of   ductal   shunt   and  
development  and  effects  of  certain  pathologies  seen  in  this  cohort.  
Magnetic  resonance  imaging  (MRI)  is  a  non-­‐invasive,  non  ionizing  imaging  modality  that  can  be  
used   to   obtain   both   anatomical   data   that   provides   information   of   cardiovascular  morphology  
and   quantitative   data   of   blood   flow   and   hemodynamics.   Cardiac  MRI   (CMRI)   has   contributed  
greatly   to   the   understanding   of   many   cardiovascular   diseases   and   congenital   defects   in  
paediatric  and  adult  patients  (Fogel,  2000)  (Grothues  et  al.  2002)  (Markl  et  al.  2004).  Translating  
these   imaging  techniques  to  assess   the  preterm  cardiovascular  system   is  difficult  and  requires  
careful   optimization   due   to   their   premature   condition,   size,   significantly   increased   heart   rate  
and  lack  of  patient  co-­‐operation.        
This  work  aims  to  translate  the  CMRI  techniques  widely  used  in  adults  to  quantify  ductal  shunt  
volume.   Then  measure   and   assess   preterm   cardiac   function,   blood   flow  distribution   and   flow  
characteristics   in   the   presence   and   absence   of   PDA   to   better   understand   the   preterm  
cardiovascular  system  and  impact  of  PDA.    
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1.2  Thesis  outline  
Chapter   2   provides   an   introduction   into   preterm   and   neonatal   cardiovascular   physiology.   It  
begins  by  presenting  a  basic  overview  of  the  structural  and  functional  differences  of  the  adult,  
fetal  and  neonatal  cardiovascular  systems.    The  result  of  the  premature  transition  from  fetal  to  
extra-­‐uterine   life   is   then   illustrated.   Common   congenital   defects   are   then   described   in  more  
detail,  in  PDA.  This  is  followed  by  a  short  introduction  of  the  pathologies  commonly  associated  
with  PDA.  
  
In  Chapter  3  ultrasound  and  MRI  are  discussed  in  more  detail  to  provide  a  background  into  both  
techniques   and   justification   for   the   subsequent   studies.   A   brief   description   of   Ultrasound   is  
given,   followed   by   an   introduction   to   MRI,   from   the   basic   concepts   of   nuclear   magnetic  
resonance   to   image   generation.   A   brief   overview   of   cardiac   MRI   is   then   presented.   This   is  
followed  by  a  more   in  depth  description  of  phase   contrast   (PC)  MRI.  The   technical   aspects  of  
perform  MRI  in  preterm  and  term  infants  are  then  discussed.  
  
In  Chapter   4   a   technique   to  quantify   cardiac  output   and  global  distribution  of   systemic  blood  
flow   in  preterm  and  term  infants  using  PC  MRI   is  described.  The  accuracy  and  repeatability  of  
this  technique  is  then  analysed.  Blood  flow  distribution  to  the  upper  and  lower  body  in  healthy  
preterm   and   term   infants   is   then   presented   as   a   function   of   corrected   gestational   age   to  
establish   the   normative   range.   This   same   technique   is   then   used   to   quantify   ductal   shunt  
volume  and  its  effect  on  global  blood  flow  distribution  in  infants  with  prolonged  patency  of  the  
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ductus  arteriosus.  The  significance  of  the  presence  of  PDA  on  upper  and  lower  body  blood  flow  
is  then  determined.    Ductal  shunt  volumes  were  also  related  to  echocardiography  measures  to  
determine  the  most  robust  echo  measure  of  ductal  flow.  
In  addition,  investigations  into  regional  blood  flow  distributions  in  preterm  and  term  infants  are  
then  carried  out.  PC  MRI  was  used  to  quantify  cerebral  blood  flow  in  a  preliminary  cohort  of  5  
healthy  infants  and  quantify  flow  to  the  abdominal  organs  in  a  larger  group  of  healthy  and  PDA  
infants.  These  preliminary  studies  are  presented  in  the  final  subsections  of  this  chapter.  
  
In  chapter  5  the  left  ventricular  (LV)  function  in  neonates  with  and  without  PDA  is  assessed  using  
MRI.  Firstly  a  brief  overview  of  the  mechanisms  and  measures  of  cardiac  function  and  failure  are  
given.   This   is   followed   by   a   brief   introduction   into   a   prominent   acquisition   used   in   cardiac  
functional  MRI  assessment,  steady  state  free  precession  (SSFP)  stack  sequences.  Morphological  
and  functional  cardiac  data   in  healthy  preterm  and  term   infants   is   then  presented.  Normative  
ranges  for  LV  parameters  such  as  wall  thickness  and  fractional  thickening  in  healthy  preterm  and  
term   are   determined.   The   impact   of   ductal   shunt   volume   on   LV   dimension   and   function   is  
determined.  Next  a  preliminary  study  to  first  evaluate  the  pulmonary  flow  in  the  presence  of  a  
PDA   from   right   ventricular   volumetric   analysis   and   secondly   to   assess   the   feasibility   of   RV  
functional  analysis   from  SSFP  stacks   is  presented.   In   the  concluding   section  data   from  treated  
PDA   infants   are   presented   and   discussed,   highlighting   possible   future   studies   to   better  
understand  the  impact  of  PDA  and  treatment  approach.    
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In  Chapter  6  4D  PC  MRI  is  utilized  to  visualize  aortic  flow  patterns  in  the  presence  and  absence  
of  a  PDA.  The  flow  field  is  observed  by  generating  particle  traces  and  velocity  vectors  at  specific  
locations   along   the   aorta   in   preterm   infants   with   and   without   PDA.   Observed   neonatal   flow  
characteristics   are   then   compared   to   previously   reported   adult   data.   The   limitations   and  
possible  future  work  are  then  discussed.  
  
In  chapter  7   the  aortic  blood   flow   regime   in  healthy  preterm  and   term   infants   is  determined.  
The  hemodynamic  effect  of  the  ductal  shunt  and  potential  presence  of  turbulence  in  the  aorta  is  
investigated.   To  begin  with   the   fluid  dynamic  properties  of  blood  and  parameters   to  quantify  
them   are   introduced.   A   technique   to   quantify   aortic   pulse  wave   velocity   is   then   described   in  
preterm   and   term   infants   using   4D   PC   MRI.   Initial   normative   ranges   in   this   population   are  
established   to   facilitate   comparison  with  adult  data.   The   calculation  of  Reynolds  number   (Re)  
from  4D  PC  MRI  data  is  then  described  and  employed  to  determine  the  blood  flow  regime  and  if  
turbulence   is  present  within   the  aorta   in   infants  with  and  without  PDA.  Neonatal  data   is   then  
compared  to  previously  reported  adult  data.    
  
Chapter  8  summarizes  the  findings  in  the  previous  chapters  and  considers  the  contributions  of  
this  thesis.  Possible  areas  of  future  work  are  then  discussed.  
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Chapter  2    
An  Introduction  to  the  Preterm  Cardiovascular  System  
This  chapter  provides  an  introduction  into  preterm  and  neonatal  cardiovascular  physiology.  It  begins  
by  presenting  a  basic  overview  of   the   structural   and   functional  differences  of   the  adult,   fetal   and  
neonatal  cardiovascular  systems.    The  result  of  the  premature  transition  from  fetal  to  extra-­‐uterine  
life   is   then   illustrated.  Common  congenital  defects  are  then  described   in  more  detail,   in  particular  
patent  ductus  arteriosus  (PDA).  This  is  followed  by  a  short  introduction  of  the  pathologies  commonly  
associated  with  PDA.  
  
2.1  Cardiovascular  Physiology:  Adult  and  Fetal  Circulation  
Adult   and   fetal   circulatory   systems   are   markedly   different   due   to   the   different   functions   and  
demands   they  must   meet.   The   following   subsections   give   a   brief   description   of   several   of   these  
variances.  
  
2.1.1  The  Adult  Circulatory  System  
The   adult   circulatory   system   can   be   divided   into   the   low   pressure   pulmonary   and   high   pressure  
systemic   circulation   that   are   in   series   with   each   other   (figure2.1.1).   The   heart   consists   of   2  
synchronous  pumps,  the  right  and  left  ventricles  (RV,  LV),  which  are  filled  via  2  contractile  reservoirs,  
the   right  or   left   atrium   (RA,   LA)   (Levick,   Fifth  Edition,   2010,   chpt  1).  The  RV  pumps  deoxygenated  
blood  through  the  pulmonary  artery   (PA)   to  the   lungs   for  gas  exchange  to  take  place.  Oxygenated  
blood  then  returns  via  the  pulmonary  veins  to  the   left  side  of  the  heart  completing  the  short,   low  
pressure  pulmonary  circulation.  The  LV  pumps  the  same  volume  of  oxygenated  blood  through  the  
aorta  to  the  tissues  of  the  body  where  again  gas  exchange  takes  place  (in  this  case  delivering  oxygen  
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and  extracting   carbon  dioxide).     Deoxygenated  blood   then   returns   to   the  RA  via   the   superior   and  
inferior   vena   cava   (SVC,   IVC),   completing   the   long,   high   pressure   systemic   circulation.   This   high  
pressure   systemic   circulation   causes   the   left   ventricle  wall   to   be   around   3   times   thicker   than   the  
right  ventricle,  so  as  to  generate  the  contractile  force  and  pressure  needed  for  ejection  (Levick,  Fifth  
Edition,  2010,  chpt  3).    
  
  
Figure   2.1.1   ʹ   The   adult   circulatory   system:   Schematic   representation   of   the   adult   pulmonary   and   systemic  
circulation.  Deoxygenated  blood  enters   the  pulmonary  circulation  via   the  right  side  of   the  heart.  Oxygenated  
blood  returns  to  the  left  side  of  the  heart.  From  there  blood  enters  the  systemic  circulation.  After  gas  exchange  
between   capillaries   and   tissue,   deoxygenated   blood   then   returns   to   the   right   side   of   the   heart.  
http://leavingbio.net/circulatory%20system/circulatory%20system.htm  
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2.1.2  The  Fetal  Circulation  System  
Circulation  in  utero  is  markedly  different  from  adult  circulation  (figure  2.1.2)  as  oxygenation  of  blood  
in  the  fetus  occurs  not  in  the  lungs  but  in  the  placenta.  The  placenta  receives  deoxygenated  blood  
from  the  fetal  systemic  organs  and  supplies  oxygenated  blood  to  the  fetal  systemic  arterial  system.  
For   efficient   blood   flow   the   fetal   cardiovascular   system   is   designed   so   that   most   of   the   blood  
bypasses  the  lungs  and  the  most  highly  oxygenated  blood  is  delivered  to  the  brain  and  myocardium.  
These   circulatory   adaptations   are   achieved   in   the   fetus   by   both   the   preferential   streaming   of  
oxygenated   blood   and   the   presence   of   3   intra-­‐cardiac   and   extra-­‐cardiac   shunts.   Thus,   the   fetal  
ĐŝƌĐƵůĂƚŝŽŶĐĂŶďĞĚĞĨŝŶĞĚĂƐĂ͚ƐŚƵŶƚ-­‐ĚĞƉĞŶĚĞŶƚ͛ĐŝƌĐƵůĂƚŝŽŶ(Murphy,  2005).  
  
  
  
Figure   2.1.2   ʹ   The   fetal   circulatory   system:   A   schematic   representation   of   the   fetal   circulation.   Blood  
oxygenation  occurs  at   the  placenta  and  not   in   the   lungs  giving  rise   to  a  shunt  dependent  circulatory  system.  
http://www.yorksandhumberhearts.nhs.uk  
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Oxygenated   blood   at   the   placenta   returns   to   the   fetus   via   the   umbilical   vein,   50ʹ60%   of   this  
placental  venous  flow  bypasses  the  hepatic  circulation  via  the  ductus  venosus  (DV)  to  enter  the  IVC  
and   join   the   extremely   desaturated   systemic   venous   flow.      Preferential   streaming   of   the   high  
oxygenated  blood  starts  at  the  junction  of  the  IVC  and  the  RA.  The  Eustachian  valve  tends  to  direct  
the  more  highly  oxygenated  blood,  streaming  along  the  dorsal  aspect  of  the  IVC,  across  the  patent  
foramen  ovale  (PFO)  and  into  the  lower  pressure  LA  (Murphy,  2005).  Oxygen  saturation  in  the  LA  is  
65%   (Dawes   et   al.   1954).   Blood   then   flows   through   the   ascending   aorta   via   the   LV   where   the  
majority  of  the  blood  is  delivered  to  the  brain  and  coronary  circulation.  Consequently  ensuring  that  
blood  with  the  highest  possible  oxygen  concentration  is  delivered  to  these  vital  structures.  
Desaturated  blood  from  the  SVC  is  directed  into  the  RV,  and  then  ejected  into  the  PA.  Because  of  the  
high  pulmonary  vascular   resistance   (PVR)  only   about  12%  of   the  RV  output   enters   the  pulmonary  
circulation,   the   remaining  88%  crossing   the  ductus   arteriosus   (DA)   into   the  descending  aorta.  The  
lower   half   of   the   body   is   thus   supplied   with   relatively   desaturated   blood   (Murphy,   2005).  
Deoxygenated  blood  then  arrives  back  at  the  placenta  via  the  umbilical  artery.    
The   DA   and   PFO   not   only   ensure   the   preferential   streaming   of   high   oxygenated   blood   to   the  
essential  organs  but  also  ensure  efficient  blood  flow  bypassing  the  lungs.    In  fetal  life  the  DA  carries  
most  of  the  right  ventricular  output  (RVO)  and  develops  to  be  the  same  size  as  the  descending  aorta  
approaching  term  (~10mm)  (Agarwal  et  al.  2007).  
Due  to  these  circulatory  shunts  the  right  and  left  fetal  ventricular  pressures  are  very  similar  (Kiserud,  
2005).   The   RV   is   thought   to   be   the   dominant   ventricle;   the   RVO   is   generally   higher   than   the   left  
ventricular  output  (LVO)  during  the  second  half  of  pregnancy  with  the  difference  decreasing  towards  
term  (Kiserud,  2005).  Similarly  the  RV  wall  and  function  is  greater  than  the  LV  with  this  dominance  
decreasing  towards  term  (Smolich,  1995).          
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2.2  Cardiovascular  Physiology:  Transition  from  Fetal  to  Extra-­‐uterine  Life  
2.2.1  Normal  Transition  at  Term  
Several   cardio-­‐pulmonary   adaptations   must   be   made   during   the   transition   from   fetal   to   extra-­‐
uterine  life.  The  role  of  blood  oxygenation  must  transfer  from  the  placenta  to  the  lungs,  the  DV  and  
DA   shunts  must   close   and   the   LVO  must   increase   (Murphy,   2005).  With   the   placental   circulation  
removed  at  birth  there  is  a  decrease  in  blood  flow  through  the  DV  and  a  significant  fall  in  the  venous  
return  through  the  IVC.  This  initiates  the  closure  of  the  DV  which  closes  passively  around  4  days  after  
birth  (Kondo  et  al.  2001)  separating  the  hepatoportal  and  systemic  circulation.    
PVR   decreases   gradually   during   late   gestation   up   until   birth,  where   after   expansion   of   the   lungs,  
there  is  a  dramatic  fall  in  PVR  and  an  8ʹ10-­‐fold  increase  in  pulmonary  blood  flow.  This  drop  in  PVR  
may  relate  simply  to  expansion  of  the   lungs,  opening  up  pulmonary  vessels,  though  stimulation  of  
pulmonary   stretch   receptors   resulting   in   reflex   vasodilatation   is   thought   to  mediate,   in   part,   this  
process  (Murphy,  2005).  Increased  oxygen  saturation  of  neonatal  blood  also  reverses  the  pulmonary  
vasoconstriction  caused  by  hypoxia,  further  reducing  PVR.    
The  increase  in  pulmonary  blood  flow  leads  to  a  significant  rise  in  pulmonary  venous  return  to  the  
LA.  As  stated  above  the  decrease  in  IVC  flow  results  in  a  fall  in  venous  return  to  the  RA.  These  two  
factors  cause  the  LA  pressure  to  exceed  the  RA  pressure  (Wilmshurst  et  al.  1994).  The  foramen  ovale  
is  pushed  against  the  atrial  septum  and  the  atrial  shunt  is  effectually  closed  separating  the  right  and  
left   chambers  of   the  heart.  This   functional   closure  of   the   foramen  ovale  occurs  within  minutes   to  
days  of  birth.  Anatomical  closure  occurs  later  via  tissue  proliferation  (Patten,  1931).    
The  exact  mechanism  of  DA  closure  is  complex  and  poorly  understood,  however  the  increased  levels  
of  oxygen  in  neonatal  blood  produces  direct  constriction  of  spiral  of  smooth  muscle  within  the  duct.  
It  has  been  postulated  that  towards  term  the  duct  wall  muscles  become  increasingly  less  sensitive  to  
the   dilating   effects   of   prostaglandin   and   more   responsive   to   the   constrictive   effects   of   oxygen  
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(Wyllie,  2003).  The  rapid  fall  after  birth  of  prostaglandin  E2  concentrations  produced  by  the  placenta  
adds  to  ductal  constriction  (Murphy,  2005).    
Prior  to  birth  the  DA  carries  virtually  all  of  the  RVO  in  a  right-­‐to-­‐left  shunt.  As  the  PVR  drops  the  DA  
shunt  becomes  initially  bidirectional  (right-­‐to-­‐left  during  systole,  left-­‐to-­‐right  during  diastole).  Within  
hours  the  shunt  then  becomes  purely  left-­‐to-­‐right.  However  both  the  bidirectional  and  left-­‐to-­‐right  
phases   carry   a   much   lower   proportion   of   the   RVO   than   the   antenatal   right-­‐to-­‐left   pattern,   this  
decrease   in   shunt   volume   also   contributes   to   functional   closure.   The   actual   closure  of   the   ductus  
takes  place  in  two  stages.  In  healthy  full  term  newborns,  functional  ductal  closure  occurs  within  96  
hours  of  birth  (Reller  et  al.  1989)  (Wyllie,  2003)  separating  the  pulmonary  and  systemic  circulation,  
blood  flow  resembles  that  of  adults.  This  functional  closure  is  followed  later  by  anatomical  closure  
via  endothelial  and  fibrous  tissue  proliferation  (Agarwal  et  al.  2007).  
  
2.2.2  The  Premature  Cardiovascular  System  
Premature  transition    
All   infants  born  <37  weeks  gestation  are  considered  preterm  infants  (Goldenberg  et  al.  1998).  The  
ƉƌĞƚĞƌŵŝŶĨĂŶƚ͛Ɛcardiovascular  system  undergoes  the  transformation  from  fetal  to  extra-­‐uterine  life  
when   it   is   not   structurally   equipped   to   do   so.   The   transition   and   adaptation   of   the   respiratory,  
endocrine,  metabolic,  and  nervous  systems  from  the  intra-­‐uterine  to  the  extra-­‐uterine  environment  
are  largely  outside  the  scope  of  this  thesis.  The  most  abrupt  adaptations  are  seen  in  the  circulatory  
system   as   to   maintain   adequate   blood   flow   to   the   developing   organs   in   the   two   extreme  
environments  require  very  different  circulations  as  outlined  above.  The  closure  of  the  three  shunts  
as   part   of   the   intra   to   extra-­‐uterine   transition   has   been   shown   to   be   delayed   in   preterm   infants  
(Agarwal  et  al.  2007)  (Danilowicz  et  al.  1966)  (Ghiglia  et  al.  2008)  (Kondo  et  al.  2001).  
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The   delay   in   circulatory   adaption   is   thought   to   contribute   to   abnormal   hemodynamics   and   organ  
perfusion  in  preterm  infants  (Agarwal  et  al.  2007)  (Schmitz  et  al.  2004)  (Volpe,  1997).  However  the  
resultant  effects  of  the  immature  circulatory  system  are  numerous,  complex  and  poorly  understood  
as   both   the   body   tissues  and   the   circulation   supplying   them  are   immature.   The   immature  organs  
need   an   adequate   blood   supply   for   continuing   development  whilst   being   required   to   function   as  
their  mature  counterparts.     As  well  as   the  possible  abnormal   flow  caused  by   the  morphology,   the  
capacity  for  autoregulation  in  preterm  infants  is  thought  to  be  limited  (Greisen,  2005).  It  is  thought  
that  the  immature  preterm  cardiovascular  system  and  the  resulting  haemodynamics  correlate  to  the  
presence  and  development  of  the  pathologies  seen  in  this  population.  
  
Closure  of  the  Ductus  Venous    
A  delayed  closure  of  the  DV  has  been  found  in  preterm  infants  with  no  significant  correlation  to  the  
closure  of  the  ductus  arteriosus  or  the  condition  of  the  infant.  It  is  speculated  that  immaturity  of  the  
DV   and   possibly   increased   levels   of   dilating   prostaglandins   leads   to   a   delayed   obliteration   of   the  
vessel   (Fugelseth  et  al.  1998).  An  open  DV  represents  a  portocaval  shunt  and  may  have  metabolic  
and  pharmacological  consequences,  but  has  been  the  subject  of  very  little  study  as  it  is  regarded  as  
having  little  pathophysiological  significance  and  is  outside  the  scope  of  this  thesis.  
  
Closure  of  the  Foramen  Ovale  
Delayed   closure   of   the   foramen   ovale   most   commonly   leads   to   left   to   right   atrial   shunting      and  
consequently   an   increase   in   pulmonary   blood   flow   (pure   right   to   left   shunting   is   uncommon   in  
preterm   infants),  and  may  be  an  additional   risk   factor   in   the  development  of  chronic   lung  disease  
(CLD)   (Evans   et   al.   1994).   Due   to   the   multifactorial   etiology   of   CLD   in   preterm   infant,   definite  
association  between  the  two  is  challenging.  Studies  have  also  shown  no  clinical  relevance  to  a  PFO  in  
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preterm  and  term  infants  (Ghiglia  et  al.  2008).   In  addition   in  20%  of  healthy  adults  the  FO  has  not  
closed  completely  leading  to  a  small  PFO  (Wilmshurst  et  al.  1978).  Consequently  it  is  thought  that  in  
most  neonates  a  PFO  is  benign  (Ghiglia  et  al.  2008).    
  
Closure  of  the  Ductus  Arteriosus  
Persistent  PDA  is  the  prolonged  opening  of  the  DA  and  is  clinically  apparent  in  60%  of  infants  born  
before  28  weeks  gestation  and  20%  of  infants  born  after  32  weeks  gestation  (Wyllie,  2003).  Closure  
of   the   duct   in   healthy   preterm   and   term   infants   has   been   shown   to   occur  within   4   days   of   birth  
(Reller   et   al.   1989).   It   is   thought   that   insufficient   smooth   muscle   migration   and   the   increased  
sensitivity   to   prostaglandins   of   the   ductal   smooth   muscle   compared   to   term   infants   results   in   a  
prolonged  opening  of  the  duct  after  birth  (Agarwal  et  al.  2007).    
As  PVR  decreases  and  systemic  vascular  resistance  (SVR)  increases  after  birth,  the  pressure  gradient  
across   the   DA   from   high   systemic   pressure   to   the   low   pulmonary   pressure   causes   blood   to   flow  
through  the  duct  predominantly  from  left  to  right.  Hence  the  functionality  of  the  DA  is  reversed  from  
that   of   fetal   circulation   and   blood   now   flows   from   the   aorta   into   the   pulmonary   arteries   (figure  
2.2.1).  
A  prolonged  left  to  right  ductal  shunt  is  thought  to  cause  pulmonary  hyper-­‐perfusion  and  systemic  
hypo-­‐perfusion   (Agarwal   et   al.   1997).   Consequently   PDA   has   been   associated   with   the   common  
preterm  pathologies,  necrotising  enterocolitis  (Ryder  et  al.  1980),  chronic  lung  disease  (Jones  et  al.  
1977),  adverse  neurodevelopmental  outcome  and  congestive  heart  failure  (Sasi  et  al.  2011),  whether  
this   association   is   causal   or   casual   remains   unclear   as   little   is   known   about   how   persistent   PDA  
effects   blood   flow   patterns   and   distribution   in   the   pulmonary   arteries,   aorta   and   surrounding  
vessels.   It   is   important   to  note  that  the  natural  course  of   the  duct   is   to  close,  although  prolonged  
opening  of  the  duct  is  thought  to  cause  or  exacerbate  pathologies  in  this  population.  
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Figure   2.2.1   ʹ   Patent   Ductus   Arteriosus:   Schematic   representation   of   the   Patent   Ductus   Arteriosus   and   the  
resultant   flow   after   birth. The   decrease   in   PVR   and   increase   in   systemic   resistance   creating   the   pressure  
gradient   across   the   DA   from   high   systemic   pressure   to   the   low   pulmonary   pressure   causes   blood   to   flow  
through  the  duct  predominantly  from  left  to  right.http://www.  drmiri.com   
    
  
In  the  following  chapters  the  diagnosis  of  PDA  and  current  controversy  over  treatment  approach  are  
described  fully.  Work  to  quantify  the  ductal  shunt  volume  and  investigate  the  cardiac  function,  flow  
distribution   and   flow   characteristics   in   the   absence   and   presence   of   PDA   is   then   presented.      By  
providing  additional  quantitative  flow  and  functional   information   the  hemodynamic  significance  of  
the  PDA  and  clinical  association  with  pathology  may  be  better  understood.  The  following  subsection  
in  this  chapter  gives  a  brief  overview  of  the  previously  mentioned  pathologies  associated  with  PDA.  
  
2.3  Common  Pathologies  associated  with  PDA  
Adverse  neurodevelopmental  outcome  is  common  in  the  preterm  infant  population,  a  longitudinal  
study  performed  throughout  England  and  Wales  in  2009  demonstrated  that  20-­‐25%  of  infants  born  
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<1kg  have  at  least  one  major  disability  and  a  further  50%  will  have  subtle  disabilities  presenting  at  
school  age  (Mangham  et  al.  2009).    Insufficient  or  alterations  in  cerebral  blood  flow  (CBF)  due  to  the  
immature   preterm   cardiovascular   system   are   considered   to   play   a   major   role   in   neurological  
development   and   subsequent   neurological   pathologies   (Volpe,   1997).   It   is   thought   that   systemic  
hypo-­‐perfusion   caused   from   large  PDA  shunt   volumes  has  a  negative  effect  on   cerebral  perfusion  
and  may  lead  to  injury  in  the  immature  brain  (Lemmers  et  al.  2008)  (Sasi  et  al.  2011).  
  
Necrotizing   enterocolitis   (NEC)   is   one   of   the   most   common   gastrointestinal   conditions   that   is  
primarily  present  in  preterm  infants.  The  pathogenesis  remains  unclear  but  it  is  widely  accepted  that  
it  is  the  death  of  intestinal  tissue  caused  by  mucosal  injury.  Incidence  rates  are  inversely  related  to  
birth  weight  and  gestational  age,  affecting  9%  of  infants  with  birth  weight  between  751-­‐1000g  with  
mortality   rates   ranging   from   15-­‐30%   (Lin   et   al.   2006).      NEC   can   occur   anywhere   in   the  
gastrointestinal  tract  but  is  most  commonly  found  in  the  small  intestine  and  can  be  difficult  to  treat  
(Lin   et   al.   2006).   There   have   been  many   studies   to   investigate   the   onset   of   the   disease   but   the  
principal   reasons   are   thought   to   be   structural   immaturity   of   the   bowel   wall   and   ischemia  
(Cheromcha   et   al.   1988).   An   ischaemic   pathophysiology   is   also   supported   by   the   relatively   high  
incidence  of  NEC  in  term  infants  with  structural  congenital  heart  disease.    
It  is  suggested  that  in  stressed  preterm  infants  redistribution  of  cardiac  output  can  occur  to  maintain  
sufficient  blood  flow  to  the  vital  organs  such  as  the  brain  and  kidneys  causing  diminished  perfusion  
to  intestinal  mucosa.  The  reduced  systemic  perfusion  associated  with  PDA  is  thought  to  exacerbate  
or  lead  to  reduced  abdominal  flow  (Coombes  et  al.  1990).  Understanding  of  pathogenesis  of  adverse  
neurodevelopmental  outcome  and  NEC  in  preterm  infants  is  significantly  hampered  by  the  absence  
of  useable  biomarkers.  In  addition  ultrasound  flow  measures  are  unreliable.  A  non-­‐invasive,  accurate  
measure  of   global   cerebral   and   intestinal   blood   flow   could   significantly   improve   understanding  of  
physiology  and  pathophysiology.  
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Chronic   lung  disease  occurs   in  preterm   infants  who  require  mechanical  ventilation  and/or  oxygen  
therapy   for   a   primary   lung   disorder   and   results   from  oxidative   stress   and   ventilator   induced   lung  
injury.  Exposure  to  high  oxygen  concentrations  and  positive  pressure  ventilation  can  lead  to  damage  
of   the   immature   lungs   and   result   in   abnormal   reparative   processes   in   the   lungs   (scaring   of   lung  
tissue)   (Sankar   et   al.   2008).   CLD   has   a   multifactorial   etiology,   however   the   main   factor   in   its  
pathogenesis   is   prematurity.   Infants   with   CLD   are   more   likely   to   have   persistent   respiratory  
symptoms   later   on   in   life.   PDA   contributes   further   to   this   process   causing   hyper-­‐perfusion   of   the  
pulmonary  circulation  leading  to  pulmonary  edema  and  vascular  endothelial   injury  (Bancalari  et  al.  
2005)   (Marshall  et  al.  1999).  Often   infants  with  persistent  PDA  require   long  periods  of   respiratory  
support  (Jones  et  al.  1977).  
  
Cardiac  function  
It   is   common   clinical   belief   that   large   ductal   shunt   volumes   are   associated  with   congestive   heart  
failure  (Agarwal  et  al.  2007)  (Baylen  et  al.  1977)  (Schmitz  et  al.  2003).  This  has  arisen  mainly  from  the  
idea  that  large  shunt  volumes  lead  to  systemic  hypo-­‐perfusion  and  pulmonary  hyper-­‐perfusion  due  
to  cardiocirculatory  dysfunction.  Left  to  right  ductal  shunting  increased  blood  flow  returning  to  the  
LV  leading  to  increased  atrial  and  ventricular  end  diastolic  pressure.  This  may  lead  to  hypertrophy  in  
infants  with   PDA   (Baylen  et   al.   1977)   (Schneider   et   al.   2006).   Echocardiography   studies   have   also  
shown  a  decrease  in  diastolic  function  in  infants  with  a  PDA  (Schmitz  et  al.  2003),  yet  the  association  
with   shunt   volume   and   cardiac   function   in   preterm   infants   with   PDA   is   poorly   understood.   The  
association   with   reduced   systemic   blood   flow,   respiratory   distress   syndrome,   the   observed  
ventricular   enlargement   and   ventricular   overload   in   PDA   infants   has  meant   that   some   ducts   are  
treated  in  the  effort  to  prevent  cardiac  failure  (Sasi  et  al.  2011).  
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Chapter  3  
Neonatal  Imaging:  An  Introduction  to  Magnetic  Resonance  Imaging  
Due  to  the  fragile  state  of  preterm  infants  imaging  modalities  used  in  the  population  must  be  non-­‐
invasive,   non-­‐ionizing,   relatively   fast,   suitable   for   non-­‐cooperative   patients   and   compatible   with  
monitoring.   This   has   led   to   ultrasound   being   the   predominant  modality   used   in   neonatal   and   in  
particular  neonatal  cardiac  assessments.   In   recent  years  however  magnetic   resonance   imaging  has  
become  an   invaluable   research   tool   investigating  preterm  cerebral  development   (Boardman  et   al.  
2006)   (Counsell  et   al.   2005)   (Miller   et   al.  2002)   (Woodward  et   al.  2006).   It   is   anticipated   that   the  
development   of   neonatal   cardiac  MRI   has   the   potential   to   provide   additional   hemodynamic   and  
functional  information.  
In   the   following   subsections   of   this   chapter   ultrasound   and  MRI   are   discussed   in   more   detail   to  
provide  a  background  into  both  techniques  and  context  for  subsequent  studies.  A  brief  description  
of   Ultrasound   is   given,   followed   by   an   introduction   to   MRI,   from   the   basic   concepts   of   nuclear  
magnetic  resonance  (NMR)  to  image  generation.  A  brief  overview  of  cardiac  MRI  is  then  presented.  
This  is  followed  by  a  more  in  depth  description  of  phase  contrast  (PC)  MRI.  The  technical  aspects  of  
performing  MRI  in  preterm  and  term  infants  is  then  discussed.  
  
3.1  Ultrasound  
Medical  ultrasound  uses  high  frequency  sound  to  aid   in  the  diagnosis  of  patients.   It  produces  high  
quality  temporal  and  spatial  information  of  structural  anatomy  and  blood  velocity  traces  and  is  easily  
available,  non-­‐invasive,  non-­‐ionizing  and  runs  at  a  relatively  low  cost.  Ultrasound  techniques  in  the  
newborn   can   be   performed   in   real   time   at   the   cotside,   by   a   range   of   trained   personnel,   and   if  
performed   carefully   need   not   significantly   disturb   infaŶƚƐ͛ ĐĂƌĚŝŽ-­‐respiratory   status   (Groves   et   al.  
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2005a).  The  field  of  ultrasound  is  expansive,  complex  and  for  the  most  part  outside  the  scope  of  this  
thesis.  The  basic  principles  and  common  usage  are  briefly  described  below  for  clarity  in  subsequent  
chapters.  
  
3.1.1  Fundamental  Principles  
The   generation   of   waves   for   the   medical   ultrasound   is   achieved   by   the   piezoelectric   effect,   the  
mechanical  oscillations  of  ultrasound  piezoelectric  crystals  excited  by  electric  pulses  (Wild,  1950).    As  
sound  waves  propagate  through  the  body,  reflections  occur  at  the  boundaries  of  tissues  of  varying  
acoustic  densities,  with  the  reflection  proportionate  to  the  difference  in  acoustic  density.  The  time  
between  emission  of  the  propagated  wave  and  arrival  of  the  reflected  wave  depends  on  the  speed  
of  sound  in  tissue  and  the  depth  of  the  boundary  and  is  directly  used  to  create  a  depth  axis   in  US  
images.    Acoustic  shadows  occur  behind  boundaries  with  large  acoustic  differences  where  the  sound  
is   almost   all   reflected,   such   as   bone   and   air   interfaces.   This   can   cause   problems   particular  when  
imaging  organs  near  the  lungs  such  as  the  heart.  The  field  of  view  (FOV)  is  also  limited  by  the  trade-­‐
off  between  high  spatial   resolution  and   imaging  depth  due   to   the  attenuation  of  high   frequencies  
within  tissue  (Hill,  second  Edition,  1986,  chpt  4).    
  
3.1.2  Echocardiography    
Echocardiography   is   one   of   the   most   widely   used   diagnostic   tests   in   cardiology   and   provides  
information   on   pumping   capacity,   internal   chamber   size   quantification,   wall   thickness   and   the  
location  and  extent  of  any  myocardial  tissue  damage  (Levick,  Fifth  Edition,  2010,  chpt  2)  (Schiller  et  
al.   1989)   (Urheim   et   al.   2000).   Many   modes   of   ultrasound   exist   and   are   utilized   in   clinical   and  
research  examinations.  Brief  descriptions  of  two  of  the  most  common  are  given  below.      
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M-­‐mode   (motion   mode)   echocardiography   provides   the   position   of   anatomical   features   against  
time,  giving  display  of  the  myocardium  and  valve  leaflets  (figure  3.1.1/2).  This  mode  is  also  used  to  
reveal   and   assess   pathologies,   abnormal   wall   motion,   hypertrophy,   as   well   as   quantification   of  
cardiac  contractility.  (Levick,  fifth  Edition,  2010,  chpt  2)  
  
  
Figure   3.1.1   ʹ   M-­‐mode   image:   depiction   of   the   left   ventricular   outflow   tract:   The   real   time   trace   of   the  
ascending  aorta  (AAo)  and  left  atrium  (LA)  can  be  seen.  Real  time  trace  provides  quantification  of  vessel  and  
chamber  diameter.    
  
  
Figure  3.1.2  ʹ  Standard  4  chamber  and  short  axis  views  in  a  neonate:  Ultrasound  provides  real  time  images  of  
valve  movement  and  wall  motion.  Measurements  can  then  be  taken  to  quantify  contractility.  The  four  chamber  
of  the  heart  (right  and  left  atria  and  ventricles  (RA,  LA,  RV,  LV))  can  be  seen  clearly.  
  
Doppler   echocardiography   provides   information   of   blood   flow   velocity   from   the   frequency  
difference  between  emitted  and  received  ultrasound  waves.  The  difference   in  frequency   is  altered  
by  and  depends  on  the  velocity  of  the  flowing  blood  cells  (Levick,  fifth  Edition,  2010,  chpt2)  (figure  
3.1.3/4).  Flow  estimation  using  ultrasound  is  carried  out  by  measuring  the  vessel  diameter  with  the  
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transducer  perpendicular  to  the  vessel  and  blood  velocity  trace  with  the  transducer  parallel  to  the  
vessel.  The  diameter  is  then  squared  and  multiplied  by  the  velocity  trace,  which  has  been  averaged  
over  a  few  cardiac  cycles.  
  
  
Figure  3.1.3  ʹ  Doppler  ultrasound:  Tricuspid  (a)  and  mitral  (b)  valve  inflow  in  a  neonatal  heart  visualized  with  
colour  Doppler  ultrasound.    
  
  
Figure  3.1.4  ʹ  Visualization  of  patent  foramen  ovale  (PFO):  the  volume  of  shunt  from  the  LA  to  the  RA  can  be  
clearly  visualized  using  colour  Doppler  ultrasound  in  a  neonate.  
  
3.1.3  Limitations  
The   relatively   low   cost,   cot-­‐side   examinations,   accessible   user   interface   and   high   quality  
morphological   information   acquired   has   lead   ultrasound   to   be   the   principal  modality   used   in   the  
neonatal  clinic.  However  ultrasound  has  multiple  limitations  that  reduce  the  accuracy  and  capability  
of   functional  assessments.   Firstly   the  ability   to   image  anatomy  and  vessels  and   therefore  quantify  
b  
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blood  flow  with  ultrasound  is  limited  by  the  imaging  window;  bone  and  air  spaces  within  the  body  
cause   acoustic   shadows.   This   and   the   topography   of   particular   vessels   can   cause   problems  when  
angling   the   transducer   correctly   to   estimating   flow   and   diameter.   This   angle   dependency   to  
accurately   measure   the   velocity   trace   and   diameter   when   quantifying   blood   flow   introduces  
variability   and   error  within   the  measurement   (Groves   et   al.   2005b).   Secondly   Doppler   ultrasound  
assumes  a   constant   velocity  over   the  entire   vessel  area  and   the  calculation  of   the  area   (diameter  
squared)   assumes   a   circular   vessel   leading   to   inaccuracies   in   flow   measurements.   As   a   result  
ultrasound  is  a  highly  user  dependent  technique  with  often  poor  repeatability  (Groves  et  al,  2005b)  
and  consequently  functional  imaging  is  compromised.  Often  blood  flow  volume  cannot  be  accurately  
quantified  in  some  vessels  and  shunts,  such  as  the  common  carotid  arteries  and  PDA.  Due  to  these  
limitations  other  imaging  modalities  are  often  needed  to  provide  additional  functional  information.  
  
3.2  Magnetic  Resonance  Imaging  
Magnetic  resonance   imaging  (MRI)   is  a  multi-­‐planar  and  multi-­‐contrast  modality  used  in  a  medical  
and  research  capacity,   that  utilizes  the  properties  of  protons   in  certain  atomic  nuclei.  This   imaging  
modality   is  principally  based  upon  sensitivity   to   the  presence  of  water   to  create  an   image.  As   the  
presence   and   properties   of   water   can   alter   dramatically   with   pathology   MRI   is   a   very   sensitive  
diagnostic  technique.  Its  non-­‐ionizing,  non-­‐invasive  nature,  flexibility  and  sensitivity  to  a  broad  range  
of  tissue  properties  has  led  to  MRI  to  be  an  attractive  modality  for  patients  and  research.  The  multi-­‐
planar,   multi-­‐contrast   nature   of   MRI   allows   blood   flow   quantification   as   well   as   structural  
information   to   be   determined   from   relatively   short   scan   times.   Consequently   MRI   has   become  
increasingly  used  in  the  clinical  setting,  with  cardiac  assessment  as  a  growing  application  and  is  ideal  
for  neonatal  imaging.    
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3.2.1  Nuclear  Magnetic  Resonance  
The   fundamental   principles   of   MRI   originate   from   the   work   carried   out   in   nuclear   magnetic  
resonance.    NMR  is  a  physical  phenomenon  in  which  magnetic  nuclei  in  a  magnetic  field  absorb  and  
re-­‐emit   electromagnetic   radiation.   The   resonant   frequency   of   this   emitted   radiation   is   directly  
proportional  to  the  strength  of  the  applied  magnetic  field  and  the  magnetic  properties  of  the  isotope  
of   the   atoms.   In   1952   Felix   Bloch   and   Edward   Purcell   were   granted   a   Nobel   Prize   for   ͞their  
ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ŶĞǁ ŵĞƚŚŽĚƐ ĨŽƌ ŶƵĐůĞĂƌ ŵĂŐŶĞƚŝĐ ƉƌĞĐŝƐŝŽŶ ŵĞĂƐƵƌĞŵĞŶƚƐ͘͟ /Ŷ ϭϵϳϯ WĂƵů
Lauterbur  proposed  using  magnetic   field  gradients   to  distinguish  between  NMR  signals  originating  
from   different   locations   creating   ͞ĞƵŐŵĂƚŽŐƌĂƉŚǇ͟   (Lauterbur   et   al.   1973).   In   addition,   in   1973  
Mansfield  and  Grannell  described  sensitizing  tomographic  image  slices  (Mansfield  et  al.  1973).  These  
and  numerous  other  studies  combined  with  the  development  of  superconducting  magnets  led  to  the  
development  of  MRI  for  the  clinical  and  research  environment.    
  
3.2.2  MRI:  Fundamental  Principles  
As  MRI  is  derived  from  NMR  its  fundamental  principles  are  established  with  the  interaction  between  
atomic  nuclear  spins  and  an  applied  magnetic   field.  The  dominant  nucleus   in  MRI   is   the  hydrogen  
proton  due  to   its  abundance,  water  makes  up  60-­‐90%  of  most   tissues   (McRobbie,  Second  Edition,  
2007,  chpt  1.1).  MRI  relies  on  the  ability  to  manipulate  with  a  combination  of  magnetic  fields,  and  
then   detect,   the   NMR   properties   of   hydrogen   protons   or   spins   in   water,   fat   and   other   organic  
molecules   (Haacke,   1999,   chpt   1.1).   The   NMR   description   of   the   individual   hydrogen   spins   and  
changes   in  energy   state   requires   a  quantum  mechanical   approach.   Yet   given   the   large  number  of  
atoms   contributing   to   the   MR   signal   in   imaging   the   human   body   a   collection   of   spins   can   be  
considered  as  a  spin  packet  and  often  a  classical  mechanical  approach  is  sufficient  for  describing  the  
behaviour  of  these  spin  systems.  
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Nuclear  spin  and  magnetic  moments  
The   particles   within   the   atomic   nucleus,   nucleons   (protons   and   neutrons),   possess   the   quantum  
property  spin,  S,  a  quantum  number  that  parameterizes  the  intrinsic  angular  momentum  of  a  given  
particle  (McRobbie,  Second  Edition,  2007,  chpt  8.3).  The  spin  of  a  nucleus  is  restricted  to  0,  integer  
and  ½  integer  values  (as  the  nucleons  individual  spin  combine  or  cancel)  which  can  be  defined  with  
the  magnetic  quantum  number  m  which  ranges  from  ʹS  to  +S  in  integer  steps.  Hence  the  number  of  
allowed   angular   momentum   states   are   (2S+1).   For   the   hydrogen   nucleus   there   are   two   possible  
angular   momentum   states   m   =   ±1/2.   This   rotating   positively   charge   proton   has   an   associated  
magnetic  field  known  as  the  magnetic  moment  µ,  which  is  related  to  S  defined  by  equation  3.1.  
  
ߤ ൌ ߛ˥ܵ                                                                                                                                                                                                                                                                                             (3.1)  
WŚĞƌĞɶŝƐƚŚĞŐǇƌŽŵĂŐŶĞƚŝĐƌĂƚŝŽĂŶĚ̓сŚͬϮʋƚŚĞƌĞĚƵĐĞĚWůĂŶĐŬ͛ƐĐŽŶƐƚĂŶƚ͘  
  
Magnetic  moments  within  an  external  magnetic  field  
In   the   presence   of   an   external   magnetic   field,   B0,   the   spins   interact   with   the   B0   field   and   the  
corresponding   energy   E   (described   in   equation   3.2)   of   their   magnetic   moments   is   directly  
proportional  to  the  field  strength  (convention  defines  the  z  axis  to  be  parallel  with  the  direction  of  
B0).  Each  hydrogen  proton  can  reside   in  one  of  the  two,  m=±1/2  quantized  angular  momentum  or  
energy  states  depending  on  its  internal  energy  (Haacke,  1999,  chpt  1.3).  The  difference  between  the  
two  enerŐǇƐƚĂƚĞƐȴŝƐĚĞƐĐƌŝďĞĚŝŶĞƋƵĂƚŝŽŶϯ͘ϯ͘  
  
ܧ ൌ ߤ௓ܤ଴                                                                                                                                                                                                                                                                                       (3.2)  
  Where  µz  is  the  magnetic  moment  aligned  with  the  B0  along  the  z  direction.  
  
οܧ ൌ ߛ˥ܤ଴                                                                                                                                                                                                                                                                                   (3.3)  
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The  spins  cannot  align  exactly  along  the  B0  field;  due  to  their  quantized  angular  momentum  states,  
there  orientation  is  also  quantized.  The  spins  of  the  hydrogen  proton  align  almost  parallel  (spin  up)  
and  anti-­‐parallel  (spin  down)  with  the  B0  ĨŝĞůĚ͘dŚĞƉƌŽƚŽŶ͛ƐƐƉŝŶƚŚĞƌĞĨŽƌĞĞǆƉĞƌŝĞŶĐĞĂƚŽƌƋƵĞĂŶĚ
precess   around   the   direction   of   the   B0   field   with   a   precessional   frequency   proportional   to   the  
strength  of  the  applied  external  B0  field  (see  figure  3.2.1)  described  in  equation  3.4.  
  
߱଴ ൌ ߛܤ଴                                                                                                                                                                                                                                                                                                                                                                                                                                  (3.4)  
  
where  ʘ0  is  the  precessional  frequency  corresponding  to  the  B  field  experienced  by  the  spin  system,  
known   as   the   Larmor   frequency.   /Ŷ ǁĂƚĞƌ ƚŚĞ ŚǇĚƌŽŐĞŶ ƉƌŽƚŽŶ ŚĂƐ Ă ɶ у Ϯ͘ϲϴǆϭϬ8rad/s/T   or  
42.57MHzT-­‐1.  
  
Figure  3.2.1  ʹ  Spin  states  of  the  hydrogen  proton:  a  schematic  representation  of  the  two  possible  orientations  
of  the  hydrogen  proton  in  an  external  B0  field.  These  two  energy  levels  are  known  as  spin  up  (parallel)  and  spin  
down  (anti-­‐parallel).  Both  rotate  in  opposite  directions  at  the  Larmor  frequency.  
  
  
Population  of  Energy  States  and  Signal  Origin  
dŚĞ ƉƌŽƚŽŶ ƉŽƉƵůĂƚŝŽŶ ŽĨ ƚŚĞƐĞ ƚǁŽ ĞŶĞƌŐǇ ƐƚĂƚĞƐ͕ ǁŚŝĐŚ ŝƐ ĚŝƌĞĐƚůǇ ƉƌŽƉŽƌƚŝŽŶĂů ƚŽ ƚŚĞ ȴ ;ĂŶĚ
therefore  B0  field  strength)  and  inversely  to  temperature,  is  slightly  preferential  towards  the  lower  
energy  state  (parallel  or  spin  up)  (described  by  the  Boltzmann  distribution).  This  results  in  an  excess  
B0  
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ŶƵŵďĞƌŽĨƉƌŽƚŽŶƐŝŶƚŚĞůŽǁĞƌƐƚĂƚĞу3  ppm  per  Tesla  at  room  temperature  (Haacke,  1999,  chpt  
1.3).  This  very  small  difference  creates  a  net  magnetization  M0  and  is  the  origin  of  the  signal  needed  
ƚŽĐƌĞĂƚĞĂŶDZ/ ŝŵĂŐĞ͘ůƚŚŽƵŐŚƚŚŝƐ ŝƐƐŵĂůů ƚŚĞƌĞĂƌĞуϭϬ22  hydrogen  protons  per  ml  of  water  
leading   to  M0  of   the  order  of  µT   for  clinical   field   strengths   (McRobbie,  Second  Edition,  2007,  chpt  
8.3).    
  
Due  to  the  sheer  number  of  hydrogen  protons  in  the  human  body  and  specifically  within  a  voxel  it  is  
simpler  to  consider  the  averaged  net  magnetization  of  many  protons  (spin  system)  (Figure  3.2.2).  A  
classical  mechanical  description  can  now  be  used  for  this  macroscopic  system.  M0  can  now  be  used  
to  describe  the  net  macroscopic  magnetization  vector  of  the  spin  system  that  is  aligned  with  the  B0  
field.  M0  ĚĞƉĞŶĚƐŽŶƚŚĞĚĞŶƐŝƚǇŽĨƉƌŽƚŽŶƐ;ƐƉŝŶĚĞŶƐŝƚǇ;ʌͿͿǁŝƚŚŝŶĂĐĞƌƚĂŝŶƚŝƐƐƵĞƚǇƉĞĂŶĚŵŽƌĞ
specifically   the   number   of   mobile   spins   available   to   align   with   the   external   B0   field.   The   proton  
density   determines   the  maximum   signal   S0   from   a   certain   tissue   for   a   certain   field   strength.   The  
magnitude  of  M0  is  considerably  smaller  than  the  main  field  and  whilst  aligned  with  the  main  field,  
cannot  be  detected.  By  applying  an  orthogonal  magnetic  field  B1  oscillating  at  the  resonant  Larmor  
frequency  the  net  magnetization  vector  can  be  rotated  such  that  a  component  of  the  magnetization  
lies  in  the  orthogonal  (transverse  x-­‐y)  plane.  Once  the  B1  field  is  switched  off  the  component  of  the  
magnetization  that  is  in  the  transverse  plane  MXY  oscillates  and  is  now  a  significant  signal  in  the  x-­‐y  
plane  that  can  be  identified  by  coherent  detection  methods.    
  
48  
  
  
  
Figure  3.2.2  ʹ  Net  magnetization:  A  spin  system  represented  as  the  net  magnetization  vector  M0.  Excess  spins  
in  the  spin  up  energy  state   lead  to  a  net  magnetization  aligned  parallel  along  the  B0  field  direction.  This  very  
small   but   measurable   magnetization   is   the   origin   of   MRI.   This   averaged   macroscopic   net   magnetization  
representation  of  spin  systems  is  used  to  define  the  generation  of  images.    
  
  
3.2.3  Excitation:  RF  Pulses    
Radio  Frequency  (RF)  pulses  within  the  transmit  coil  generate  the  oscillating  B1  field  (convention  is  
along  the  x  axis).  In  the  quantum  description  the  B1  field  interacts  with  the  net  magnetization  vector  
M0  and  excites   the  spins   to  the  higher  energy  state.   In   the  classical  description,  as   the  RF  pulse   is  
played  out   this   excitation   causes  M0   to   spiral   away   from   the   z   axis   down   towards   the   transverse  
plane  (figure  3.2.3).  At  this  point  it  easier  to  move  away  from  the  laboratory  frame  of  reference  with  
ĐŽŽƌĚŝŶĂƚĞƐǆ͕Ǉ͕ǌĂŶĚĐŽŶƐŝĚĞƌĂƌŽƚĂƚŝŶŐĨƌĂŵĞŽĨƌĞĨĞƌĞŶĐĞǁŝƚŚĐŽŽƌĚŝŶĂƚĞƐǇƐƚĞŵǆ͕͛Ǉ͕͛ǌ͛  that  
rotates  ĂďŽƵƚǌ͛;ŝŶƚŚŝƐĞǆĂŵƉůĞƚŚĞƌŽƚĂƚŝŶŐĨƌĂŵĞƌŽƚĂtes  at  the  Larmor  frequency  and  therefore  z  
сǌ͛Ϳ.  In  this  frame  B1  ŝƐƐƚĂƚŝĐĂŶĚĂĐƚƐĂůŽŶŐƚŚĞǆ͛ĂǆŝƐ  (see  Figure  3.2.3).  In  this  rotating  frame  M0  is  
ƐĞĞŶ ƚŽ ĨůŝƉ ĚŽǁŶ ƚŽǁĂƌĚƐ ƚŚĞ ƚƌĂŶƐǀĞƌƐĞ ƉůĂŶĞ ĂŶĚ ĂůŝŐŶ ǁŝƚŚ ƚŚĞ Ǉ͛ ĂǆŝƐ͕ ƚŚĞ ǌ ;ůŽŶŐŝƚƵĚŝŶĂůͿ
component   of   the   net  magnetization  MZ   diminishes   as   the   transverse   component,  MXY   increases.    
The   degree   at  which  M0   ŝƐ ƚŝůƚĞĚ ĂǁĂǇ ĨƌŽŵ ƚŚĞ ǌ͛ ĂǆŝƐ ŝƐ ŬŶŽǁŶ ĂƐ ƚŚĞ ĨůŝƉ ĂŶŐůĞ ɲ͕ ĂŶĚ can   be  
ŵĂŶŝƉƵůĂƚĞĚďǇĂůƚĞƌŝŶŐƚŚĞĚƵƌĂƚŝŽŶ;ʏͿŽƌƐƚƌĞŶŐƚŚŽĨƚŚĞZ&ƉƵůƐĞ,    as  described  in  equation  3.5.  
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ɲс׬ ߱ଵሺ߬ሻ݀߬
௧
଴                                                                                                                                                                                                                                                                        (3.5)  
  
where  ߱ଵ   is   the  Larmor   frequency  appropriate   for  B1.  The  relationship  between  the   flip  angle  and  
magnitude   of   MXY   and   MZ   can   be   described   in   equations   3.6   and   3.7   (For   a   90o   pulse   all   the  
magnetization  is  in  the  x-­‐y  plane).  
  
MXY  =  M0 ߙ                                                                                                                                                                                                                                                                        (3.6)  
  
MZ  =  M0 ߙ                                                                                                                                                                                                                                                                             (3.7)  
  
  
  
  
  
Figure  3.2.3  ʹ  Laboratory  and  rotating  frames  of  reference:  In  the  laboratory  frame  M0  precesses  around  the  z  
axis  down  to  the  transverse  frame,  when  viewed  in  the  rotating  frame  M0  is  simply  flipped  down  to  align  with  
ƚŚĞǇ͛ĂǆŝƐ͘0  and  B1  are  conventionally  applied  along  the  z  and  x  axes  respectively.      
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3.2.4  Relaxation:  T1,  T2  and  T2*  decay  
After  the  RF  pulse  is  switched  off  the  excited  protons  begin  to  relax  back  to  equilibrium.  The  process  
of   relaxation   in   which   energy   exchange   occurs   can   be   separated   into   two   interactions.   Spin-­‐spin  
interactions   (T2)   diminish   transverse   magnetization   via   dephasing   of   the   spins.   Spin-­‐lattice  
interactions  (T1)   lead  to  an  increase  in  longitudinal  magnetization  due  to  a  net  energy  loss  as  spins  
relax  back   in   to  the   lower  energy  state  and  realign  along  the  z  axis.  The  origin  and  effect  of   these  
decay   times   are   fundamental   to   MRI   as   different   tissues   have   inherently   different   decay   times,  
manipulating   these   gives   rise   to   different   contrast   images   (T1   or   T2  weighted   images),   a   principal  
feature  of  an  MRI  examination.    
  
Spin-­‐spin  relaxation  -­‐  T2  decay  
The  decay  of  the  net  transverse  magnetization   is  known  as  T2*,  and   is  the  combined  dephasing  of  
MXY  due  to  the  spin-­‐spin  interaction  and  B0  inhomogeneities  and  is  on  the  order  of  ms  to  10s  of  ms  
for  most   tissue   (is   usually   longer   for   liquids   than   solids).   T2*can  be   differentiated   into   the   loss  of  
phase   coherence   between   the   spins   due   to   intrinsic   (T2)   and   extrinsic   (T2͛Ϳ ŵĂŐŶĞƚŝĐ ĨŝĞůĚ
inhomogeneities.   T2   decay   occurs   due   to   the   interaction   between   magnetic   moments   of  
neighbouring   protons   (spin-­‐spin   relaxation);   this   causes   variations   in   the   local   field   seen   by   both  
protons.   The   precessional   frequencies   of   the   protons   are   altered   and   consequently   dephase  with  
respect  to  the  Larmor  frequency.  Over  time  many  spin-­‐spin  interactions  occur  at  random,  eventually  
all  spins  within  a  spin  system  will  become  out  of  phase  with  each  other.  The  additional  source  of  spin  
dephasing  is  the  B0  inhomogeneities  caused  by  imperfections  in  the  B0  field  inherent  to  the  scanner  
and  subject  within  it.  These  localized  gradients  accelerate  the  dephasing  of  the  MXY.  
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Spin-­‐lattice  relaxation  ʹ  T1  decay  
T1  decay  is  the  relaxation  of  the  spins  back  to  equilibrium  aligned  with  the  B0  field  and  is  of  the  order  
of  seconds  for  most  tissue.  T1  characterises  the  spin-­‐lattice  decay  or  relaxation  of  the  signal  due  to  
the  interactions  of  the  spins  with  their  surrounds.  The  motion  of  the  protons  within  a  given  lattice  
and  their  magnetic  moment  interactions  will  result  in  perturbations  of  the  energy  levels  of  the  spin  
states  (Haacke,  1999,  chpt  1.3).  Once  the  RF  pulse  is  tuned  off,  this  interaction  result  in  the  net  loss  
of  energy   from  the   spins   to   the   surrounding   lattice   (spin-­‐lattice   relaxation)  and   the  magnetization  
vector  returns  to  the  z  axis.  Both  T1  and  T2  decay  and  the  resultant  longitudinal  (MZ)  and  transverse  
(MX,  MY)  magnetization  can  be  described  by  the  Bloch  equations  3.8  -­‐  3.13  (Bloch,  1946)  (McRobbie,  
Second  Edition,  2007,  chpt  8.6).    
  
ௗெ
ௗ௧
ൌ ߛܯ ൈ ܤ                                                                                                                                                                                                                                                                                                      (3.8)  
B  includes  the  static  B0  field  and  the  rotating  B1  field.  BX,  BY  and  BZ  can  be  expressed  as  
  
  ܤ௑ ൌ ܤଵ ߱ݐ,    ܤ௒ ൌ ܤଵ ߱ݐ,      ܤ௓ ൌ ܤ଴                                                                                                                                                                        (3.9-­‐11)  
  
By  accounting  for  T1  and  T2  equation  3.8  becomes  
  
ௗெ೉
ௗ௧
ൌ ߛሺܯ௒ܤ଴ ൅ܯ௓ܤଵ ߱ݐሻ െ
ெ೉
మ்
ௗெೊ
ௗ௧
ൌ ߛሺܯ௓ܤଵ ߱ݐ െܯ௑ܤ଴ሻ െ
ெೊ
మ்
ௗெೋ
ௗ௧
ൌ ߛሺܯ௑ܤଵ ߱ݐ ൅ܯ௒ܤଵ ߱ݐሻ െ
ெೋିெబ
భ்
                                                                                                                                                                (3.12)  
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By   imposing  the  boundary  conditions  that   immediately  after  the  RF  pulse  B1  =  0  and  if  the  system  
was  initially  in  equilibrium  and  a  90°  RF  pulse  was  applied  along  the  x  axis  then  at  time  t  =  0,  MX  =  0  
MZ  =  0  and  MY  =  M0,  then  solving  for  MX,  MY    and  MZ  the  above  become.  
  
ܯ௑ሺݐሻ ൌ ܯ଴ ߱଴ݐ ή ݁ݔ݌
ష೟
೅మ
ܯ௒ሺݐሻ ൌ ܯ଴ ߱଴ݐ ή ݁ݔ݌
ష೟
೅మ
ܯ௓ሺݐሻ ൌ ܯ଴ ൤ͳ െ݁ݔ݌
ష೟
೅భ൨
                                                                                                                                                                                                                                            (3.13)  
  
Hence  the  transverse  magnetization  MX  and  MY  can  be  shown  to  oscillate  at  the  Larmor  frequency  
associated  with  B0  and  decay  exponentially  with  the  time  constant  T2.  The  MZ  recovers  back  to  M0  
with   time   constant   T1.   As  mentioned   before   different   tissues   have   different   T1   and   T2   due   to   the  
environment   in   which   the   spins   reside.   By   manipulating   the   transverse   and   longitudinal  
magnetization   and   the   time   at  which   the   signal   is   sampled,   the   differentiation   of   different   tissue  
types  within  a  subject  can  be  achieved.  This  is  the  fundamental  principle  that  makes  MRI  a  powerful  
diagnostic,   anatomical   and   functional   imaging   modality.   This   is   covered   in   more   detail   in   the  
following  sections.    
  
3.2.5  Signal  detection  
Receiver   coils   are   used   to   detect   the  MR   signal.   Within   the   laboratory   frame   the   component   of  
magnetization  M,  which  is  oscillating  in  the  transverse  plane,  induces  a  small  time  varying  voltage  in  
the   receiver   coil   that   varies   at   the   Larmor   frequency   that   can   be   detected   after   the   RF   pulse   is  
switched  off.  After  the  RF  is  switched  off  the  spins  dephase  with  respect  to  each  other  due  to  the  
previously  mentioned  B0  inhomogeneities  and  spin-­‐spin  relaxation.    The  transverse  component  of  M  
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relaxes   back   to   align   with   the   vertical   z   plane   and   the   longitudinal  magnetization   increases.   The  
oscillating   signal   decays   to   zero   generally  within   a   few  ms   (Figure   3.2.4),   consequently   in   general  
multiple  RF  excitations  are  needed  to  allow  adequate  signal  detection  and  sampling  from  an  entire  
region  of  interest  (ROI).  This  signal  S  is  known  as  the  Free  Induction  Decay  (FID)  and  is  described  in  
equation  3.14.      
S  =  ݁ݔ݌
ష೟
೅మכ ߱ݐ                                                                                                                                                                                                                                                           (3.14)  
  
  
Figure  3.2.4  ʹ   FID:  As   soon  as   the  RF  pulse   is   switched  off   spins  within  a   spin   system   start   to  dephase  with  
respect   to   each   other   due   to   magnetic   field   inhomogeneities,   spin-­‐spin   relaxation   and   tissue   susceptibility  
reducing  the  transverse  magnetization  to  zero.  This  translates  to  the  oscillating  signal  induced  in  the  receiver  
coil  decaying  exponentially  over  time  (FID).  The  receiver  coil  is  placed  perpendicular  to  the  main  magnetic  field  
and  therefore  only  sensitive  to  the  magnetization  perpendicular  B0.  
  
3.2.6  Spatial  Encoding  
The  FID  signal   is  not  spatially   localized  and  is  generated  from  the  ensemble  of  spin  systems  within  
the  sensitive  volume  of  the  coil.  Gradient  fields  produced  by  gradient  coils  are  used  to  differentiate  
between  signals  generated  from  spins  ensembles  at  different  locations  within  the  subject.  Gradient  
coils   induce  a   linear  perturbation   in   the  B0   field   several  orders  of  magnitude  smaller   than  B0.  This  
variation   (intentional   inhomogeneity)   in   the   magnetic   field   causes   spin   ensembles   at   different  
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locations  to  precess  at  ĚŝĨĨĞƌĞŶƚĨƌĞƋƵĞŶĐŝĞƐĂŶĚƚŚĞƌĞĨŽƌĞŝŶĚƵĐĞƐŝŐŶĂůƐƚŚĂƚŽƐĐŝůůĂƚĞĂƚǀĂƌǇŝŶŐʘ
determined  by  their  location.    Three  gradient  coils  orthogonal  to  each  other  (Gx,  Gy,  Gz)  are  used  to  
provide  spatial  encoding  of  a  three  dimensional  coordinate  system  (in  this  example  the  gradients  are  
applied  along  the  cardinal  axes,  however  they  can  be  applied  in  any  direction).  Now  the  local  field  
B(x,y,z)   experienced  by   a   spin   system  at   location   (x,y,z)   is   spatially   dependent   and   is   described   in  
equation  3.15.    
  
ܤሺݔǡ ݕǡ ݖሻ ൌ  ሾܤ଴ ൅ ݔܩ௑ ൅ ݕܩ௒ ൅ ݖܩ௓ሿ                                                                                                                                                                                        (3.15)  
  
The   precessional   frequency   of   spins   will   therefore   depend   on   their   spatial   location   within   the  
gradient   field   G,   and   can   be   described  with   equation   3.16.   Here   the   location   is   described   by   the  
position   vector   r   =   (x,y,z).   The   deviation   from   the   Larmor   frequency   associated   with   the   main  
polarising   field  ߱଴   is   therefore   linear   in   r   and  G   as   described   in   equation   3.17.   Consequently   the  
phase  will  also  be  dependent  on  the  spatial   location.  From  equation  3.17  the  resultant  phase  shift  
due  to  the  additional  applied  gradients  is  described  in  equation  3.18.    
  
߱ሺݎǡ ݐሻ ൌ ߱଴ ൅ ߛሺݎ ή ܩሺݐሻሻ       (3.16)  
߱ሺݎǡ ݐሻ ൌ ߛݎ ή ܩሺݐሻ                                                                                                                                                                                                                                                                    (3.17)  
ɔ(r,t)  =  ߛ ׬ ൫ݎ ή ܩሺݐሻ൯݀ݐ
௧
଴ Ԣ                                                                                                                                                                                                                              (3.18)  
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Slice  selective  excitation    
The  gradient  applied  along  the  z  axis,  known  as  the  slice  select  gradient  GSS  is  applied  simultaneously  
with  the  RF  pulse,  which  introduces  a  position  dependent  spread  of  precessional  frequencies.  The  RF  
has  a  bandwidth  BWRF  containing  certain  frequencies.  Only  the  spins  experiencing  a  magnetic  field  to  
cause  precession  at  these  resonant  frequencies  within  BWRF  (spins  at  a  particular   location  or  slice)  
will   interact   with   the   RF   and   be   flipped   down   to   the   transverse   plane.   A   slice   selective   gradient  
ĂƉƉůŝĞĚĂůŽŶŐƚŚĞǌĂǆŝƐǁŝůůĐĂƵƐĞĞǆĐŝƚĂƚŝŽŶŽĨƐƉŝŶƐ ŝŶĂƚƌĂŶƐǀĞƌƐĞƐůŝĐĞǁŚŽƐĞƐůŝĐĞƚŚŝĐŬŶĞƐƐȴǌ
(figure   3.2.5)   can   be  manipulated   by   altering   the   slope   of   the   gradient   (Gz)   (figure   3.2.6)   and   RF  
bandwidth  (BWRF)  as  described  in  equation  3.19.  Likewise  the  location  of  the  slice  is  determined  by  
the  RF   frequency.  A   rephasing  gradient   lobe   is   applied  at   the  end  of   the  GSS   to   rephase   the   spins  
within   the   slice   so   that  once   the  RF   pulse   is   switched  off   all   the   spins  within  a   slice   are   in   phase  
again.  
  
οܼ ൌ  ஻ௐೃಷ
ఊீ೥
                                                                                                                                                                                                                                                                             (3.19)  
  
  
  
Figure   3.2.5   ʹ   Slice   selection:   A   selective   slice   gradient   GSS   (shown   in   blue)   applied   along   the   z   axis  
simultaneously  with  the  RF  pulse  will  only  cause  excitation  of  spins  whose  precessional   frequency  is  resonant  
with   the   RF   pulse.   Spins   at   the   same   z   location   will   have   the   same   precessional   frequency   leading   to   a  
56  
  
transverse  slice  (shown  in  red)  being  excited.  Only  spins  within  this  slice  contribute  to  the  signal  and  therefore  
the  image.    
  
  
Figure   3.2.6   ʹ   slice   manipulation:   By   altering   the   strength   of   the   applied   GSS   ƚŚĞ ƐůŝĐĞ ƚŚŝĐŬŶĞƐƐ ȴǌ ĐĂŶ ďĞ
ŝŶĐƌĞĂƐĞĚŽƌĚĞĐƌĞĂƐĞĚ͘>ŝŬĞǁŝƐĞŵŽĚŝĨǇŝŶŐƚŚĞďĂŶĚǁŝĚƚŚŽĨƚŚĞZ&ƉƵůƐĞȴĨ0  will  have  the  same  effect.  
  
To   spatially   encode   within   the   slice   the   x   and   y   gradients   are   applied   independently   and   are  
conventionally   known   as   the   phase   encoding   GPE   and   frequency   encoding   GFE.   The   following  
examples   of   GPE   and   GFE   are   described   for   Cartesian   sampling   for   simplicity,   however   the   same  
fundamental  principles  apply  for  any  sampling  trajectory.  
  
Phase  encoding  
The  phase  encoding  gradient  GPE  is  switched  on  after  the  RF  pulse,  but  before  signal  acquisition.  GPE  
(for   this  example  applied  along  the  y  axis)  causes   intentional  dephasing   (due  to  the  different   field  
strength   experienced   by   the   spins)   as   a   function   of   spatial   location   along   the   y   axis.   This   phase  
difference  will  remain  after  the  GPE   is  switched  off  until  the  signal  decays  due  to  T2  relaxation.  The  
ƐƉŝŶ͛Ɛ ƉŚĂƐĞ ŝƐ ĚĞƚĞƌŵŝŶĞĚ ďǇ ŝƚ ƉŽƐŝƚŝŽŶ ĂůŽŶŐ ƚŚĞ Ǉ ĂǆŝƐ ŚĞŶĐĞ ƉŚĂƐĞ ĞŶĐŽĚŝŶŐ ŐƌĂĚŝĞŶƚ ;&ŝŐƵƌĞ
3.2.7).      
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Figure  3.2.7  ʹ  Phase  encoding:  Applying  the  phase  encoding  gradient  GPE  causes  a  linear  field  strength  variation  
along  the  y  axis.  Spins  with  a  different  y   location  experience  different  field  strengths  and  precess  at  different  
frequencies.  The  spins  dephase  with  respect  to  each  other,  the  phase  difference  remains  after  the  gradient   is  
switched  off.  The  spins  are  therefore  phase  encoded  along  the  y  axis.    
  
Frequency  encoding  
The   frequency   encoding   gradient   is   switched   on   during   signal   acquisition   (in   this   example   and   in  
figure  3.2.8   along   the  x   axis)   after   the  GPE.   This   linear   variation   in   the  magnetic   field  will   result   in  
spatially  dependent  precessional  spin  frequencies  along  the  x  axis  (see  section  3.2.9).    
  
MR  imaging  
To   generate   an   MR   image   the   MR   sequence   consists   of   multiple   repetitions   of   the   RF   and   Gss  
combination  followed  by  GFE  and  different  GPE  until  all  possible  spatial  frequencies  are  encoded.  The  
repetition  time  (TR)  denotes  the  time  between  RF  pulses  and  will  therefore  determine  the  total  scan  
time  TT  as  described  in  equation  3.20.  The  time  between  the  RF  pulse  and  the  echo  is  termed  echo  
delay  time  (TE).  TR,  TE  and  flip  angle  all  contribute  to  the  weighting  (contrast)  of  the  image.  
  
்ܶ ൌ ܴܶ ൈ ௒ܰ ൈ ௌܰ஺                                                                                                                                                                                                                                                          (3.20)  
Where  NY  is  the  number  of  phase  encoding  steps  and  NSA  is  the  number  of  signal  averages.  
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The  MR   sequence,   including   the   RF   pulse   and   spatial   encoding   gradients   can   be   depicted  with   a  
pulse  sequence  diagram  (Figure  3.2.8)  which  will  be  referred  to  later  in  this  section.        
  
  
Figure   3.2.8   ʹ   The   pulse   sequence   diagram:   The   three   gradients   GSS   (red),   GPE   (black)   and   GFE   (blue)   are  
presented.  The  GSS   is  applied  simultaneously  with  the  RF  pulse   followed  by  a  negative   lobe  or  slice  rephasing  
gradient  so  maintain  signal.  The  GPE  is  then  applied  followed  by  the  GFE  or  readout  gradient.  TE  is  denoted  as  
the  time  between  the  RF  pulse  and  signal  or  echo,  TR  is  the  time  between  RF  pulses.          
  
  
3.2.7  Data  Sampling  and  k-­‐space  
The  total  signal  detected  (excluding  relaxation  effects)   from  the  now  spatially  sensitized  sample  of  
spins  is  given  in  equation  3.21.    
  
ܵሺݐሻ ൌ  ׬ߩሺݎሻ݁ݔ݌௜ఝሺ௥ǡ௧ሻ ݀ݎ                                                                                                                                                                                                                      (3.21)  
tŚĞƌĞ ʌ ŝƐ ƚŚĞ ƐƉŝŶ ĚĞŶƐŝƚǇ   or   effective   proton   density   of   the   sample.   It   is   proportional   to   the  
number   of   nuclei   per   unit   volume   that   contributes   to   the   signal   and   is   essentially   the  maximum  
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signal   available   under   the   conditions   of   an   individual   experiment.   Hence   the   transverse  
magnetization  is  proportional  to  the  effective  proton  density.  By  moving  to  the  raw  signal  space  (k-­‐
space)  (Ljunggren,  1983)  (Twieg,  1983),  the  reciprocal  of  coordinate  space  (the   image  domain)  the  
received   signals   are   represented   as   a  matrix   of   spatial   frequencies.   In   this   way   the   result   of   the  
applied  gradients  can  be  better  understood.  The  reciprocal  vector  k(t)  and  its  relationship  with  the  
applied  gradients  is  described  in  equation  3.22.  
  
݇ሺݐሻ ൌ  ఊ
ଶగ
׬ ܩሺݐሻ݀ݐԢ
௧
଴                                                                                                                                                                                                                                           (3.22)  
  
By  substituting  k(t)  for  ߮ሺݎǡ ݐሻ  in  equation  3.21  the  signal  equation  becomes  
  
ܵሺ݇ሻ ൌ ׬ ߩሺݎሻ݁ݔ݌௜ଶగ௞௥ ݀ݎ                                                                                                                                                                                                                                                    (3.23)  
  
,ĞŶĐĞƚŚĞƐŝŐŶĂů^;ŬͿŝƐƚŚĞ&ŽƵƌŝĞƌƚƌĂŶƐĨŽƌŵ;&dͿŽĨƚŚĞŽĨƚŚĞƐƉŝŶĚĞŶƐŝƚǇʌ;ƌͿover  the  integral  of  
the   gradient  waveform.   Therefore   the   spin   density  of   the   sample   can   be   recovered  by   taking   the  
inverse   FT   of   the   signal.   The   signal   S(k)   and   the   image   are   a   Fourier   transform   pair,   this   is   the  
fundamental  principle  that  underlies  MR  data  reconstruction.  The  data  is  collected  in  k-­‐space  and  a  
FT  is  performed  to  generate  the  image.  The  k-­‐space  data  and  image  pair  are  shown  in  figure  3.2.9.  
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Figure   3.2.9  ʹThe   raw   signal/k-­‐space   and   the   reciprocal  MR   image:   The   2D   FT   recovers   the   image   from   the  
detected   signal.   The   image   and   k-­‐space   are   said   to   be   a   Fourier   pair.   A   point   in   k-­‐space   with   a   particular  
frequency  and  phase  will  be  generated  from  spins  from  everywhere  in  the  image  domain.  In  both  cases  only  the  
magnitude  data  is  presented.      
  
Continuing   the   Cartesian   example,   in   k-­‐space   the   spatial   encoding   gradients   GPE   and   GFE   can   be  
shown  to  populate   the  raw  space  matrix  with  kx   representing  the   frequency  axis  and  ky   the  phase  
axis.  The  application  of  GFE  and  GPE  encodes  the  MR  signal  of  the  original  object  in  spatial  frequencies  
and  can  be  thought  of  as  defining  a  trajectory  through  k-­‐space.    In  reality  there  is  great  flexibility  in  
sampling  strategies  and  k-­‐space  trajectories,  a  few  examples  of  these  are  covered  in  some  detail  in  
the  following  sections.  
The  Nyquist  criterion   (Haacke,  1999,  chpt  12.1),   that   the  sampling  rate  must  be  at   least   twice   the  
highest  frequency  or  bandwidth  must  be  met  to  avoid  aliasing  where  wrapping  of  the  image  occurs  
due   to   incorrect   ĂƐƐŝŐŶŵĞŶƚ ŽĨ ůŽĐĂƚŝŽŶ ƚŽ ƐƉŝŶƐ͘ ĞŝŶŐ ŝƚ͛Ɛ ƌĞĐŝƉƌŽĐĂů ƚŚĞ ƉƌŽƉĞƌƚŝĞƐ ŽĨ Ŭ-­‐space  
determine  the  parameters  of  the  image  space  as  shown  in  figure  3.2.10.    The  integral  of  the  gradient  
determines  maximum   k-­‐space   line   (k  max)   acquired   and   consequently   the   spatial   resolution.   The  
rate   of   passage   across   k-­‐space   is   set   by   the   amplitude   of   the   gradient.   Likewise   the   FOV   is  
determined   by   the   inverse   of   the  minimum   spatial   frequency   step,   the   phase   encode   steps.   This  
constraint   is  also  present   in  the  frequency  encode  direction,  oversampling  by  2  and  then  cropping  
image  ensures  no  aliasing.  For  sufficient  sampling  of  k-­‐space  a  suitable  number  of  GPE  needs  to  be  
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applied  to  ensure  adequate  coverage  of  the  object   (spacing  of  k-­‐space   lines)  being   imaged  at  high  
enough  spatial  resolution  (k  max).  This  gives  rise  to  long  scan  times.      
  
  
  
Figure   3.2.10   ʹ   k-­‐space   and   its   reciprocal   image   space:   The   spacing   between   lines   in   k-­‐ƐƉĂĐĞ ȴŬ   (phase  
encoding   step)   equates   to   1/FOV   in   the   image   domain.   Similarly   the   extent   to   which   k-­‐space   is   populated  
determines  the  pixel  size  in  the  image  domain.  For  a  high  spatially  resolved  large  FOV  more  many  k-­‐space  lines  
close  together  need  to  be  populated.  This  gives  rise  to  long  scan  times.      
  
3.2.8  Noise  and  Image  Artefacts  
All  physical  measurements  include  random  noise  which  can  affect  the  accuracy  of  the  measurement.  
The   signal   to   noise   ratio   (SNR)   denotes   the   efficiency   of   any   given   imaging   experiment,   low   SNR  
impairs   the   ability   to   differentiate   between  different   tissues   and  background   (Haacke,   1999,   chpt  
15.1).   The   origin   of   signal   has   been   described   in   the   previous   subsections.   In   addition   to   the  
reduction  of   signal  due   to  B0   inhomogeneities  or   spin-­‐spin   relaxation,  noise   is  also   generated  and  
arises  predominantly  from  thermal  fluctuations  in  the  sample  and  in  the  receive  coil  electronics.  This  
subsequently  impacts  on  the  image  quality.  Thermal  noise  is  characterized  by  equal  expected  noise  
power   components   at   all   frequencies   within   the   readout   bandwidth   (Haacke,   1999,   chpt   15.1).    
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Sequences  are  frequently  optimized  to  maximize  the  SNR  by  manipulating  the   imaging  parameters  
such  as  voxel  dimensions,  TE  and  TR.   The   resultant   SNR   (excluding   relaxation)  and   relation   to   the  
imaging  parameters  for  an  individual  scan  can  be  described  in  equation  3.24  (Hashemi,  2010,  Third  
Edition  chpt  12).      
  
SNR  ~  Vඥሺ ௒ܰሻሺ ௌܰ஺ሻሺ ௌܶሻ                                                                                                                                                                                                                                (3.24)  
Where  V  is  the  voxel  volume,  NSA  is  the  number  of  signal  averages  and  Ts   is  the  total  time  of  signal  
acquisition  and   is  determined  by   the  number  of   frequency  encoding  steps  divided  by   the   receiver  
bandwidth   (the   bandwidth   associated   with   the   sampled   signal,   not   the   transmission   bandwidth  
associated  with  the  RF  pulse  BWRF)  Nx/BW.  
As  SNR  is  directly  proportional  to  яscan  time,  longer  scan  time  yields  increased  SNR;  usually  achieved  
by  increasing  the  NSA.  This  highlights  one  of  the  core  difficulties  when  scanning  infants.  The  size  and  
heat  rate  of  preterm   infants  necessitate  high  spatial  and  temporal   resolution  sequences.  However  
long   scan   times   are   unfavourable   due   to   variable   heart   rates,   patient   instability   and   lack   of   co-­‐
operation   in   the   neonatal   cohort.   Neonatal   scanning   will   be   covered   later   in   this   chapter.      An  
increase   in   SNR   can   also   be   achieved   by   simply   placing   the   receive   coil   closer   to   the   subject   and  
increasing  the  number  of  receive  coil  elements.  Consequently  there  are  numerous  dedicated  coils  to  
image  specific  regions  of  the  body.  
As  well  as  subject  motion  and  poor  SNR,  image  quality  can  be  degraded  by  the  apparent  shift  in  the  
location   of   fat   due   to   the   chemical   shift   (Haacke,   1999,   chpt   8)   leading   to   blurred   voxel   edges,  
increased  dephasing  at  tissue  boundaries  caused  by  differences  in  magnetic  susceptibility  and  eddy  
currents.  
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Eddy  currents  
Eddy   currents   are   induced   in   the   conducting   components   of   the   magnet   cryostat   by   the   rapid  
switching   of   the   gradients.   Eddy   currents   build   up   during   the   time   varying   part   of   the   gradient  
waveforms   and   decay   during   the   constant   periods.   Hence   the   rate   of   eddy   current   build   up   is  
proportional   to   the   slew   rate   of   the   gradient.   The  magnetic   field   produced   by   the   eddy   current  
ŽƉƉŽƐĞƐƚŚĞĐŚĂŶŐĞŝŶƚŚĞĨŝĞůĚŝŶĚƵĐŝŶŐƚŚĞĞĚĚǇĐƵƌƌĞŶƚ;>ĞŶǌ͛ƐůĂǁͿ;ĞƌŶƐƚĞŝŶ͕ϮϬϬϰ͕ĐŚƉƚϭϬ͘ϯͿ͘
As   a   result   the   net   gradient   waveform   experienced   by   a   spin   system   is   degraded,   the   resultant  
transient  magnetic  field  generated  combines  with  the  gradient  field  and  produces  distortions  in  the  
gradient  profile;  resulting  in  image  artefacts  and  reduced  SNR.  Eddy  currents  remain  a  problem  for  a  
number  of  sequences.  In  PC  images  (described  in  section  3.4)  this  manifests  as  a  background  phase  
error  which  can  give  rise  to  erroneous  flow  measurements.    
There  are  3  main  strategies  to  reduce  eddy  current  effects,  gradient  waveform  pre-­‐emphasis,  active  
shielding  and  application  specific  post  processing  calibration  and  correction   (Bernstein,  2004,  chpt  
10.3).    Active  shielding  magnetically  isolates  the  field  gradients  from  the  magnet  cryostat  by  the  use  
of  2  coils,  the  main  inner  coil  and  secondary  outer  coil.  The  outer  coil  produces  a  field  that  opposes  
the   field   from  the  main  coil;   the  2  coils  are  designed  so   that   the  net   field  outside   the  2  coils   (the  
fringe   field)   is   zero.  Eddy  currents  are  mainly  generated   in  conductive  structures  within  this   fringe  
field;  by  reducing  this  eddy  currents  are  also  reduced.  Waveform  pre-­‐emphasis  intentionally  distorts  
the  current  waveform  that  is  input  into  the  gradient  coil  so  that  the  pre-­‐emphasis  distortion  cancels  
out   the   subsequently   induced   eddy   current   distortion.   Both   of   these   techniques   are   now  
implemented  in  most  scanners  to  reduce  eddy  currents  (Bernstein,  2004,  chpt  10.3),  however  some  
flow   quantification   studies   still   account   for   background   phase   errors   during   data   post   processing  
(Rolf  et  al.  2011).  Eddy  currents  compensation  for  PC  MRI  is  discussed  in  more  detail  in  section  3.4.    
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  Shimming  
Magnetic  susceptibility  variations  between  different  tissues  give  rise  to  inhomogeneity  in  the  applied  
field  and  lead  to  image  artefacts.  This  is  particularly  relevant  in  SSFP  sequences  over  the  heart  (see  
chapter  5).  The  extent  of  the  variation  in  the  applied  field  is  determined  by  the  subject  and  therefore  
has   to   be   accounted   for   on   an   individual   basis.   The  B0   field   inhomogeneity   can   be  measured   and  
then  adjusted  to  maximize  homogeneity  over  a  ROI  with  the  use  of  shim  coils   (McRobbie,  Second  
Edition,  2007,  chpt  15.3).  Shimming  can  be  automated  or  carried  out  manually.  
    
3.2.9  MR  Sequences  
Due  to  the  need  for  spatial  encoding  the  FID  is  not  measured  directly;  instead  gradients  are  used  to  
create  echoes.  There  are  two  main  echoes  that  form  the  foundation  of  all  MR  sequences,  gradient  
echo  (GE)  and  spin  echo  (SE).    
  
Gradient  echo  sequence  
Figure  3.2.8   represents  a  pulse   sequence  diagram   for  a  gradient  echo  sequence.   This   technique   is  
used  to  reduce  scan  time  by  reducing  TR.  Consequently  the  RF  pulses  used  in  GE  sequences  have  a  
flip   angle   of   less   than   90o.   Rapid   dephasing   of   the   transverse   magnetization   is   then   induced   by  
applying   a   negative   gradient   lope   directly   after   the   excitation   pulse   along   the   FE   axis.   A   reverse  
gradient  (positive  lobe)  is  then  applied  to  rephase  the  magnetization.  This  reverses  the  effect  of  the  
negative   lobe  but  not  dephasing  due  to  B0   inhomogeneities  or  spin-­‐spin  relaxation.  The  maximum  
signal  SGE  depends  on  the  FID  decay  and  therefore  T2*(see  equation  3.14).    
In  k-­‐space  the  negative  gradient  lobe  (pre-­‐winder  gradient)  allows  the  entire  k-­‐space  to  be  acquired  
from  ʹkx  to  +kx  and  is  half  the  duration  or  strength  of  the  positive  (readout)  gradient  lobe  as  shown  
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in  figure  3.2.11.  The  centre  of  k-­‐space  represents  zero  phase  and  frequency  encoding,  when  all  the  
spins   are   coherent/rephased   with   respect   to   each   other.   The   signal   is   therefore   greatest   at   this  
point.   The   centre   of   k-­‐space   therefore   contains   contrast   information.   Correspondingly   the   outer  
edges  of  k-­‐pace  contain  resolution  information.    
  
Figure  3.2.11  ʹ  Gradient  echo  pulse  sequence  diagram  with  the  resultant  trajectory  though  k-­‐space:  The  first  
large  negative  GPE  lobe  (red)  applied  with  the  pre-­‐winder  GFE  moves  to  -­‐kx,  -­‐ky  (red  arrow).  The  readout  gradient  
(blue)  is  then  applied  during  signal  acquisition  and  moves  across  k-­‐space  along  the  frequency  encode  axis  (kx)  
filling  in  one  line  of  k-­‐space  (blue  arrow).  This  process  is  repeated  with  different  strength  GPE  to  fill  in  the  rest  of  
k-­‐space.    
  
Spin  echo  sequence  
The  dominant   cause  of   spin  dephasing   is   inhomogeneities   in   the  B0   field;   this   can  be   reversed  by  
applying   an   180o   RF   pulse   after   the   initial   90o   pulse.      After   the   90o   RF   pulse   the   spins   dephase  
naturally,  at  a  time  TE/2  the  180o  pulse   is  applied.  The  180°  pulse  flips  the  spins  so  that  the   initial  
phase   dispersion   is   inverted,   continuing   evolution   recovers   the   initial   transverse   magnetization,  
subsequently  at  time  TE  all  spins  are  in  phase  again  and  will  form  a  spin  echo.  This  is  known  as  a  spin  
echo  sequence,  which  with  the  resultant  k-­‐space  trajectory  is  shown  in  figure  3.2.12.  The  resultant  
acquired   signal   is   therefore   determined   by   the   spin-­‐spin   relaxation   properties   of   the   tissue   as  
described  in  equation  3.25.    
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SSE  =  S0݁ݔ݌
ష೅ಶ
೅మ                                                                                                                                                                                                                                                                        (3.25)  
  
  
Figure  3.2.12  ʹ  Spin  echo  pulse  sequence  diagram  and   the  resultant  k-­‐space  trajectory:  The  positive  GPE  lobe  
and  GFE  applied  together  after  the  90o  pulse  moves  to  +kx,  +ky  (red  arrow).  The  application  of  the  180
o  pulse  
causes  the  spins   to  precess   in   the  opposite  orientation  and  therefore  their  phase  and  frequency  are  reversed  
with  respect  to  each  other.  This  has  the  effect  of  moving  to  ʹkx,  -­‐ky  where  the  readout  gradient  is  then  applied  
and  the  first  line  of  k-­‐space  is  populated  as  in  the  GE  pulse  sequence.    
  
There  are  numerous  pulse  sequences  built  around  the  principles  of  GE  and  SE.  So   far  only   linearly  
populating  Cartesian  k-­‐space  trajectories  have  been  mentioned.  In  reality  depending  on  the  subject  
and  desired  measurement  of  the  MR  experiment,  various  trajectories  and  k-­‐space  filling  patterns  are  
utilized  to  maximize  certain  imaging  parameters  and  trade  off  on  others  (Bernstein,  2004,  chpt  11)  
(Haacke,  1999,  chpt  10).  For  example  accelerated  acquisition  techniques  minimize  acquisition  time  
at  the  expense  of  SNR  (Larkman  et  al.  2007)  (Lustig  et  al.  2008).  
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3D  sequences  
All  the  previous  pulse  sequence  examples  and  their  resultant  k-­‐space  trajectories  have  combined  an  
excitation  of   a   slice  within   the   subject   followed  by   spatial   encoding   in   the   x   and  y  direction;   they  
have  therefore  been  2  dimensional  sequences.  Multiple  slices  can  be  acquired  along  the  object   to  
create  a  2D  stack,  yet  often  anisotropic  voxels  are  acquired  (the  slice  thickness  is  greater  than  the  
x,y,  resolution)  to  meet  SNR  requirements  (a  larger  slice  contains  more  spins  that  contribute  to  the  
signal).  In  addition,  the  slice  profile  in  reality  is  no  perfect  due  to  the  time  constraints  on  the  RF  pulse  
(Haacke,  1999,  chpt  16).  Occasionally  isotropic  high  spatial  resolution  is  require  to  adequately  image  
an  object.  The  addition  of  another  phase  encode  gradient  along  the  slice  select  axis  allows  spatial  
encoding  within  the  excited  slab  along  the  z  axis   (3D  sequences).  Each  z  axis  phase  encoding  step  
requires  a  full  set  of  GPE  and  GFE  steps  (Figure  3.2.13)  this  leads  to  long  scan  times.  For  this  reason  3D  
is  most  often  applied  to  GE  sequences.  The  scan  duration  for  a  3D  sequence  is  described  in  equation  
3.26.  
  
TT  =  NSA  x  NZ  x  NY  x  TR                                                                                                                                                                                                                                                              (3.26)  
Where  NY  and  NZ  are  the  number  of  phase  encoding  steps  along  kY  and  kZ.  
By  utilizing  3D  sequences  thinner  slices  can  be  obtained  with  better  profiles.  The  ability  to  change  
the   number   of   phase   encoding   steps   over   the   slab   gives   control   over   the   minimum   z   partition  
thickness   (spatial   resolution   along   the   slab   direction   or   reconstructed   slice   thickness)   without  
limitations  on  the  RF  amplitude  or  duration.  Often  the  thicker  slabs  in  3D  acquisitions  are  excited  by  
lowering  the  slice/slab  select  gradient  (see  figure  3.2.6)  however   larger  RF  bandwidths  can  also  be  
used.  In  this  scenario  this  leads  to  shorter  RF  pulses,  this  means  the  TE  can  be  reduced.  This  shorter  
TE  and  higher  spatial   resolution   in   the  z  direction  reduce  signal   loss  due  to  T2*  dephasing.     Finally  
ĚƵĞƚŽƚŚĞяƐĐĂŶƚŝŵĞĚĞƉĞŶĚĞŶĐĞŽĨ^EZ;ĞƋƵĂƚŝŽŶϯ͘Ϯ4),  which  is  NZ  times  longer  in  3D  imaging  an  
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ŝŶĐƌĞĂƐĞŽĨяEZ  is  achieved  for  3D  compared  to  a  2D  sequences,  with  equivalent  imagine  parameters  
(Haacke,  1999,  chpt  9).  The  SNR  from  a  3D  sequence  is  described  in  equation  3.27.    
  
3D  SNR  ~  vඥሺ ௓ܰሻሺ ௒ܰሻሺ ௌܰ஺ሻሺ ௌܶሻ                їඥ ௓ܰ      ਣϮ^EZ                                                                                                  (3.27)    
                                                                            
  
Figure   3.2.13   ʹ   3D  GE   pulse   sequence:   The  GSS   applied   during   the   RF   pulse   now   excites   a   slab/volume,   an  
additional  phase  encoding  gradient  applied  along  the  z  axis  spatially  encodes  the  volume  along  this  direction.  
The  largest  positive  lobe  (red)  and  full  set  of  GPE  and  GFE  encodes  the  uppermost  plane  +kZ  in  the  k-­‐space  3D  
matrix.  This  process  is  continued  (green  and  blue  lobes)  until  all  planes  within  the  matrix  are  filled.    
  
3.3  Cardiac  MRI  
Cardiac   imaging   first   transpired   in   the   late   1970s.   Improvements   in  MR   hardware   (markedly   high  
performance   gradients)   have   led   to   robust   and   accurate   imaging   techniques   capable   of   providing  
high   quality   morphological   and   functional   imaging   of   the   heart.   Cardiac   MRI   provides   unique  
methods  of  qualitative  and  quantitative  evaluation  of  the  heart  for  evaluating  cardiac  anatomy  and  
function   including  cardiac  viability,  perfusion,  blood  flow,  and  vascular  anatomy  (Jerosch-­‐Herold  et  
al.  2004)   (Markl  et  al.  2012)   (Sandstede  et  al.  2000).  Due  to  the  numerous  sequences   that  can  be  
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utilized,  a  single  CMR  investigation  can  potentially  provide  more  precise,  informative  data  than  other  
techniques  combined  (McRobbie,  2007).  
  
3.3.1  ECG  Trace  
Due  to  the  inherent  sensitivity  of  MRI  to  motion  the  periodic  beating  of  the  heart  can  cause  motion  
artefacts   if  not  accounted   for.  The  acquisition  of  data  needs   to  be   synchronizeĚ ƚŽĂŶ ŝŶĚŝǀŝĚƵĂů͛Ɛ
heartbeat  with  successful  electrocardiography  (ECG)  gating  ensuring  that  each  phase  encoding  step  
is  performed  at  the  same  point  in  the  cardiac  cycle.  ECG  leads  detect  the  changes  in  potentials  at  the  
surface  of  the  skin  as  a  result  of  the  depolarization  and  repolarization  of  the  cardiac  muscle.  Cardiac  
gated  sequences  are  triggered  from  the  detection  of  the  QRS  complex  (figure  3.3.1).    
  
  
Figure  3.3.1  ʹ  ECG  trace:  ECG  leads  placed  on  the  skin  record  the  resultant  changes  in  potential  caused  by  the  
depolarization  and  repolarization  of  the  heart  (Einthoven,  1909).  The  P  wave  signifies  atrial  depolarization  and  
the  start  of  atrial  contraction  (P-­‐R).  The  QRS  complex  represents  ventricle  depolarization  where  S  coincides  with  
the   opening   of   the   aortic   valve.   The   T   wave   then   denotes   the   repolarization   of   the   ventricles.   Atrial  
repolarization  is  not  detected  as  it  is  asynchronous  and  slow.    
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The   ECG   trace   can   be   distorted   during   an  MRI   scan  due   to   the   additional   voltage   induced  by   the  
gradients,   RF   pulse   and   pulsatile   blood   flow   (the   magneto-­‐hydrodynamic   effect)   (Togawa   et   al.  
1967).  The  magneto-­‐hydrodynamic  effect   is  caused  by  blood  flowing  at  an  angle   to  the  high  static  
main  magnetic   field.   This   will   induce   an   electric   field   across   the   conductive   flowing   fluid   (blood)  
leading  to  a  voltage  across  the  vessel  known  as  the  magneto-­‐hydrodynamic  effect  (Abi-­‐Abdallah  et  
al.  2007).    Peak  aortic  blood  flow  occurs  at  ventricular  ejection  inducing  an  additional  voltage  that  is  
in  general  superimposed  on  the  ECG  trace  during  the  S-­‐T  phase  (Tenforde  et  al.  1983)  (figure  3.3.2).  
This  can  cause  false  triggering  (Nijm  et  al.  2006).  Filtering  of  the  ECG  waveform  reduces  these  effects  
ďƵƚ ƌĞŶĚĞƌƐ ƚŚĞ ƚƌĂĐĞ ŶŽŶĚŝĂŐŶŽƐƚŝĐ͘ dŚĞ ƚǇƉŝĐĂů ŝŶƚŚŽǀĞŶ͛Ɛ ƚƌŝĂŶŐůĞ ƉůĂĐĞŵĞŶƚ ŽĨ ƚŚĞ ůĞĂĚƐ ŝƐ
altered  for  an  MRI  scan  (vector  cardiac  gating   (VCG))   to  reduce  the  differential  voltage   induced   in  
the  leads  by  the  gradients,  RF  pulse  and  blood  flow  (McRobbie,  Second  Edition,  2007,  chpt  14.4).  The  
VCG   trace   however   can   still   lead   to   erroneous   triggering   particularly   in   the   preterm   population  
where  their  small  size  limits  the  positioning  of  the  leads.      
  
  
Figure   3.3.2   ʹ   ECG   false   triggering:   Aortic   blood   flow   causes   an   induced   voltage   (due   to   the   magneto-­‐
hydrodynamic  effect)  within   the  ECG   leads   that   is   superimposed  during   the  S-­‐T  phase.  This   can   lead   to   false  
triggering.  This  effect  can  be  seen  when  comparing  flow  arrival  times  in  chapter  7.  
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3.3.2  Sequence  Synchronization:  Cardiac  and  Respiratory  Gating  in  MRI  
Cardiac  gating  
Once   the   R  wave   is   detected   the   acquisition   of   k-­‐space   can   be   synchronized   so   that   each   line   or  
section  is  acquired  at  the  same  point  in  the  cardiac  cycle.  To  temporally  resolve  the  cardiac  cycle  the  
R-­‐R   interval   is   divided   into   cardiac   phases.   Lines   of   k-­‐space   are   acquired   at   each   cardiac   phase  
contribute  to  different  images  (figure  3.3.3).  Multiple  heart  beats  are  needed  to  acquire  sufficient  k-­‐
space  lines  for  all  the  cardiac  phase  images.  This  leads  to  long  scan  durations  yet  eliminates  motion  
artefacts  from  cardiac  motion  and  allows  quantification  of  cardiac  function  and  flow.      
Gating   can   be   performed   prospectively   or   retrospectively.   In   prospective   gating   the   sequence  
acquisition  is  triggered  from  the  R  wave  and  a  set  number  of  cardiac  phases  are  acquired.  The  last  
10-­‐15%  of  the  cardiac  cycle  known  as  arrhythmia  rejection  (AR)  period  is  not  sampled.  This  is  used  to  
account   and   compensate   for   physiological   heart   rate   variability.   As   a   trade-­‐off   the   flow   in   late  
diastole  may  not  be  measured  correctly.  In  addition  the  number  of  k-­‐space  lines  acquired  for  each  
cardiac  phase  is  therefore  limited  by  the  heart  rate  and  TR.    
Retrospective  gating  assumes  a   stable  heart  beat  where  data   is  acquired  continuously   throughout  
the  cardiac  cycle.  The  cardiac  wave  form  is  used  as  a  real  time  update  of  the  GPE.  The  data  is  then  
organized   after   the   acquisition   into   N   equally   spaced   cardiac   phases   throughout   the   entire   R-­‐R  
interval  with  no  AR  period.  Due  to  physiological  hear  rate  variability  the  data  have  to  be  interpolated  
to  represent  a  mean  cardiac  cycle,  this  can  lead  to  small  inaccuracies  (Lotz  et  al.  2002).  In  general  a  
10%  increase  or  decrease  from  the  assumed  heart  rate  is  tolerated,  this  threshold  is  known  as  the  
acceptance  window.   Large  heart   rate  variability  outside   the  R-­‐R  acceptance  window   leads   to  data  
being   thrown   away   and   reacquired,   which   can   lead   to   very   long   scan   times.   An   advantage   of  
retrospective  gating  is  that  the  entire  cardiac  cycle  is  sampled.    
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Figure   3.3.3   ʹ   ECG   triggering   and   respective   cardiac   phases:   The   R-­‐R   interval   is   used   to   synchronise   the  
acquisition  of  data.  Blue  lines  indicate  the  start  of  each  RF  pulse,  a  number  of  k-­‐space  lines  are  then  acquired  
which   contribute   to   a   single   image   of   a   single   cardiac   phase.   In   this   diagram   end   systole   and   diastole   are  
shown.  Over  many  heart  beats  the  entire  k-­‐space  is  sampled  for  each  image  of  each  cardiac  phase.    
  
Respiratory  gating    
As  well  as   the  periodic  cardiac  contractions,   the  heart  and  thorax  undergo  bulk  motion  caused  by  
respiration.   Inspiration   and   expiration   causes   diaphragmatic   motion   of   the   heart   which   is   less  
periodic   than   the  heart   rate  and  does  not  produce  a  detectable  potential.   Consequently   reducing  
respiratory   artefacts   can   be   challenging.   The   techniques   proven   most   effective   at   reducing  
respiratory  motion  artefacts  are  navigator  based  respiratory  gating,  that  use  navigators  placed  over  
the   diaphragm,   or   by   essentially   freezing   out   respiratory  motion   by   perform   fast   sequences   that  
acquire  all  the  data  during  a  single  breath-­‐hold.  As  breath-­‐hold  sequences  are  not  feasible  in  infants  
and  navigator  sequences  are  lengthy  all  of  the  acquisitions  in  this  thesis  were  performed  during  free  
breathing.  This   is   feasible  due  to  the  rapid  neonatal  respiratory  rate  that  produces  mainly  shallow  
abdominal  bulk  motion.  This  is  covered  more  extensively  in  chapter  4.    
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Gated   MRI   sequences   can   be   used   for   qualitative   and   quantitative   assessment   of   myocardial  
function   and   blood   flow   distribution.   There   are   numerous   sequences   utilized   in   a   cardiac  
examination,  many  of  which  are  outside  the  scope  of  this  thesis.  The  fundamental  principles  of  one  
technique  that  was  extensively  employed  in  this  work  are  described  in  the  following  sections.  
  
3.4  Phase  Contrast  MRI  
The   FT   of   the   received   MR   raw   data   yields   a   complex   image   with   both   magnitude   and   phase  
information.   In   anatomical   imaging   the   phase   information   is   discarded.  PC   imaging   exploits   signal  
intensity  to  create  an  anatomical  image  and  the  phase  information  to  create  a  velocity  image.  The  
basic  principles  of  PC  were  initially  described  by  Carr  and  Purcell  in  1954  and  the  first  in  vivo  studies  
were   carried  out   in   the  1980s   (Moran  et   al.   1982)   (Nayler   et   al.   1986).   It   is   now  a  well   validated  
imaging  technique  (Griel  et  al.  2002)  (Hofman  et  al.  1995)  (Lotz  et  al.  2002)  (Powell  et  al.  2003)  that  
is  primarily  used  to  image  flow  within  blood  vessels.    
The   inherent   sensitivity   of   MRI   to   motion   can   be   used   to   infer   the   velocity   of   spins   using   flow  
encoding   gradients.  While   spatial   information   can   be   obtained   from   the   phase   and   frequency   of  
static  spins,  flow  encoding  gradients  translates  the  motion  of  spins  along  a  particular  direction  to  a  
phase.   By   measuring   all   three   directional   components   of   the   blood   flow   velocity   field   over   an  
averaged   cardiac   cycle   the   complex   three   dimensional   flow   patterns   present   in   intra   and   extra  
cardiac  vasculature  can  be  visualized  and  quantified  (Bogren  et  al.  1997)  (Buonocore,  1998)  (Markl  
et  al.  2003).      
  
  
  
74  
  
3.4.1  Velocity  Encoding  
Velocity  encoding  gradients  
By  using  appropriate  gradients  the  relationship  between  the  phase  of  a  spin  and  its  movement  along  
a  gradient  field  can  be  determined.  The  direction  of  flow  sensitivity  is  determined  by  the  axis  along  
which  the  gradients  are  applied.  Typically  velocity  encoding  gradients  are  applied  along  each  one  of  
the  main  gradient  directions  consecutively;  however  flow  sensitivity  along  any  arbitrary  axis  can  be  
obtained   by   driving   gradient   coils   simultaneously.   To   reduce   minimum   TR   and   TE   the   velocity  
encoding  gradients  are  generally  combined  with  other  gradient  lobes  used  in  the  imaging  sequence,  
mainly  the  frequency  encode  and  slice  select  axis.  Flow  encoding  gradients  are  usually  applied  to  GE  
sequences  yet  EPI,  radial  and  spiral  sequences  have  also  been  used  (Körperich  et  al.  2004)  (Pike  et  al.  
1994)  (Steeden  et  al.  2010).    
Ordinarily   bipolar   gradients   are   used,   of   which   the   zeorth   moment   m0   (the   time   integral   of   the  
gradient  Gx)  is  zero  to  preserve  spatial  encoding.  In  other  words  static  spins  will  acquire  zero  phase  
due   to   the   applied   velocity   encoding   bipolar   gradient.   The   first   moment   m1   however   (the   time  
integral  of  Gxt),  produces  a  phase  that   is   linearly  proportional  to  velocity.  Higher  orders  of  motion  
can  be  quantified  with  other  gradient  forms  whose  zeroth  and  first  moments  are  zero,  but  have  non-­‐
zero  higher  moments.    
  
Flow  sensitivity:  accruement  of  phase  
From  the  previous  discussion  spins  moving  along  the  direction  of  an  applied  gradient  acquire  a  phase  
proportional  to  the  distance  travelled  and  time  integral  of  the  gradient  experienced  by  the  spins.  The  
phase  of  a  given  spin  is  the  time  integral  of  the  precessional  frequency  as  described  in  equation  3.28.    
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௧
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In  the  example  where  the  velocity  encoding  gradient  is  applied  along  the  x  axis,  the  phase  shift  is  
߮ሺݐሻ ൌ ߛ ׬ ሺܤ଴ ൅ܩ௑ݔሻ݀ݐ
௧
଴ Ԣ                                                                                                                                                                                                                                              (3.29)  
For  spins  moving  in  the  x  direction  with  constant  velocity  v  so  that  x(t)  =  v.t,  equation  3.29  becomes    
  
߮ሺݐሻ ൌ ߛ ׬ ሺܤ଴ ൅ܩ௑ሺݔ଴ ൅ ݒݐሻሻ݀ݐԢ
௧
଴                                                                                                                                                                                                                     (3.30)      
FoƌĂŐƌĂĚŝĞŶƚŽĨĂŵƉůŝƚƵĚĞ'ĂŶĚĚƵƌĂƚŝŽŶʏ,  the  phase  shift  due  to  the  distance  travelled  along  x  
and  therefore  v  will  be    
  
  ߮ሺݐሻ ൌ ߛ ׬ ܩݒݐ݀ݐԢ ՜
௧
଴ ߮ሺݐሻ ൌ ߛ݉ଵݒ                                                                                                                                                                                                      (3.31)  
Where  m1  is  the  first  moment.    
  
Background  phase  errors  
MR  sequences  in  particular  GE  sequences  usually  contain  other  contributions  to  the  acquired  phase.  
Background   phase   errors   from   B0   inhomogeneities   and   eddy   currents,   chemical   shift,   magnetic  
susceptibility  variations  as  well  as  the  phase  due  to  velocity  all  contribute  to  the  measured  phase.  
The   resultant   phase   ߮௧௢௧,   is   then   a   linear   addition   of   the   gradient   independent   ߮஻,   gradient  
dependant  ߮௘   sources   of   error   and   the   acquired   phase   due   to   the   velocity   encoded   gradients   as  
shown  in  equation  3.32.    
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߮௧௢௧ ൌ ߮஻ ൅߮௘ሺܩሻ ൅ ߛ ׬ܩݒݐ݀ݐ                                                                                                                                                                                                                      (3.32)  
  
The  first  term  ߮஻,  can  effectively  be  eliminated  by  a  subtraction  of  two  measurements  with  different  
velocity  encoding  sensitivities  (phase  difference  reconstruction).  As  a  result  a  second  complete  data  
set   is   generally   acquired  with  all   imaging  parameters   fixed  with   the   first  moment   either  nulled  or  
reversed.   A   complex   subtraction   of   the   two   phase   datasets   is   performed   to   eliminate   this   phase  
error.  The  second  term  ߮௘,  will  still  be  present  in  the  resulting  PC  image.  These  gradient-­‐dependent  
errors   are   caused   by   gradient   amplifier   distortion,   Maxwell   terms   and   eddy   currents   (Rolf   et   al.  
2011).  The  Maxwell  terms  are  easy  to  predict  (Bernstein  et  al.  1998)  and  the  second  order  gradient  
terms   are   analytically   corrected   for   in   most   scanners.   In   addition   the   assumption   of   gradient  
amplifier  linear  response  has  been  shown  to  be  reasonable  (Rolf  et  al.  2011).    
The  outstanding  phase  errors  are  primarily  due  to  the  inaccuracies  in  the  pre-­‐emphasis  calibration  of  
amplitudes  and  time-­‐constants  to  compensate  for  the  eddy  currents.  These   residual  eddy  currents  
that  are  not  accounted  for  during  the  phase  difference  reconstruction  and  give  rise  to  background  
phase  error  which  can   lead  to   inaccuracies   in   flow  quantification  (Rolf  et  al.  2011).   In  general  pre-­‐
emphasis   calibrations   and   active   shielding   that  magnetically   isolates   the   field   gradients   from   the  
magnet   cryostat   are   now   implemented   in   most   scanners   to   reduce   this   error   and   in   most  
applications   is   not   problematic   (McRobbie,   Second   Edition,   2007,   chpt   9.2).   The   errors   in   flow  
measurements   due   to   eddy   currents   are   most   prominent   at   the   edges   of   the   bore   where   the  
maximum  gradient  switching  occurs  (Haacke,  1999,  chpt  10).  When  scanning  neonates  these  errors  
are  minimized,  due  to  the  small  size  of  this  population  the  entire  cardiovascular  ROI  is  very  close  to  
the  centre  of  the  bore  far  from  the  fringe  field.  Consequently   in  the  following  studies   involving  PC  
measurements  in  preterm  infants  eddy  current  induces  flow  errors  were  considered  negligible.      
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Velocity  mapping:  phase  difference  reconstruction  
  As  mentioned   above,   to   eliminate   the  ߮஻   error   a   complex   subtraction   of   the   2   phase   images   is  
performed  on  a  pixel  by  pixel  basis  in  the  image  domain,  known  as  a  phase  difference  reconstruction  
(Moran  et  al.  1985)  (figure  3.4.1.).  The  resultant  phase  difference  of  a  voxel  after  reconstruction  is  
therefore  given  by  equation  3.33.  
  
ο߮ ൌ ߛο݉ଵݒ                                                                                                                                                                                                                                                                             (3.33)  
Where  ο݉ଵ  is  the  difference  between  the  first  moments  of  the  2  velocity  encoded  gradients  and  is  
essentially  the  effective  gradient  that  produces  the  overall  phase  shiftο߮.  
This  reduces  unwanted  phase  variation  and  emphasizes  flow.  In  addition,  wild  fluctuations  of  phase  
are  seen  in  regions  where  signal  magnitude  is  low  as  in  air  spaces;  the  velocity  map  image  is  often  
masked  to  reduce  background  noise   from  air  spaces  by  multiplying  the  phase  difference   image  by  
the  magnitude  image  during  reconstruction.    
  
Gatehouse  et  al.  2005  
Figure  3.4.1  ʹ  Phase  difference  reconstruction:  The  phase  image  of  the  2  velocity  encoded  datasets,  often  one  is  
denoted  as  the  reference  and  the  other  as  the  velocity  encoded  dataset.  These  are  then  subtracted  on  a  pixel  by  
pixel  basis  to  generate  the  phase  difference  image  or  velocity  map.  
  
78  
  
The   range  ŽĨ ǀĞůŽĐŝƚǇ ĞŶĐŽĚŝŶŐ ŝƐ ĚĞƚĞƌŵŝŶĞĚ ďǇ ƚŚĞ ĚŝĨĨĞƌĞŶĐĞ ŝŶ ƚŚĞ ĨŝƌƐƚŵŽŵĞŶƚƐ ȴŵ1   of   the  
gradients.  The  gradients  can  be  designed  so  that  spins  with  a  certain  velocity  accumulate  a  phase  of  
ʋ͕ŬŶŽǁŶĂƐsEĂŶĚŚĂƐƵŶŝƚƐŽĨ  a   length/unit  time.     Hence  the  relationship  between  VENC  and  
ȴŵ1  is  described  by  equation  3.35.  The  dynamic  range  of  the  phase  difference  reconstruction  is  цʋ͕
the  flow  direction  and  correct  velocity  can  therefore  only  be  determined  when  ʜvʜ  чsE͘Greater  
sensitivity   to  slow  flow  requires  smaller  VENC.  Velocities  outside  this   range  will   lead  to  aliasing  or  
phase  wrapping.  Subsequently  the  VENC  has  to  be  defined  for  individual  vessels  of  interest.  Finally  
the   velocity   can   be   determined   from   the   phase   difference   image   as   shown   in   equation   3.34   to  
generate  a  velocity  map.  
  
VENC  =  
గ
ఊο௠భ
                                                                                                                                                                                                                                                                                                  (3.34)  
v  =  ቀο߮
ߨ
ቁVENC                                                                                     (3.35)  
  
To   encode   velocity   in   all   3   spatial   directions   a   single   reference   dataset   can   be   acquired   for   the  3  
velocity  encoded  datasets,   reducing   the  number  of  acquisitions   to  4  not  6.  The   time  between   the  
data  acquisitions  with  different  velocity  encoding   is  kept  to  a  minimum  (usually   interleaved  within  
the   same   heart   beat)   to   reduce  misregistration   artefacts   during   reconstruction   caused   by   subject  
motion.  
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3.4.2  Blood  Flow  Quantification  
Quantification  of  flow  
Time  resolved  (ECG  gated)  PC  MRI  sequences  can  provide  quantification  of  pulsatile  flow,  which   is  
particularly  beneficial  when  considering  arterial  blood  flow.  The  volume  of  flow  through  a  voxel  can  
then  be   quantified   by   the   product   of   the   voxel   area   and   the   average   velocity   of   spins  within   the  
voxel.   The   blood   flow   volume   through   a   ROI   i.e.   a   vessel   is   quantified   by   integrating   the   through  
plane   flow   of   the   individual   voxels   over   the   cross-­‐sectional   area   of   the   vessel.   In   general   this   is  
performed  with   semi-­‐automated   software   that   tracks   the   position   of   the   vessel   over   the   cardiac  
cycle.  Typically  2D  PC  sequences  with  velocity  encoding  along  the  slice  direction  are  used  to  quantify  
blood   flow   volume   through   a   specific   vessel,   with   the   slice   positioned   orthogonal   to   the   vessel  
(Petersen  et  al.  2002)  (Colletti  et  al.  2005).    
  
Imaging  parameters  and  sources  of  error    
Common   errors   in   PC   imaging   include   phase   offset   errors,   inadequate   temporal   and   spatial  
resolution,  misregistration  of  velocity  encoding  and  accelerated  flow.  Phase  offsets  from  background  
phase  errors  have  been  discussed  in  the  previous  subsection.  Below  the  other  sources  in  PC  imaging  
of  error  are  discussed.  
  
Temporal  resolution  
Signal  sampling  and  k-­‐space  acquisition  is  not  continuous.  Each  frame  represents  the  anatomy  and  
velocity  information  at  a  different  cardiac  phase  within  the  cardiac  cycle.  Undersampling  of  pulsatile  
blood   flow   and   therefore   inadequate   temporal   resolution   can   lead   to   an   underestimation   of   the  
peak   velocity   and   flow.   In   general   between   20   and   30   cardiac   phases   or   frames   per   cycle   are  
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considered  sufficient  to  capture/sample  typical  pulsatile  flow  in  the  heart  and  great  vessels  (Chai  et  
al.  2005)  (Lotz  et  al.  2002).      
  
Spatial  resolution  
The  resultant  signal  and  phase  of  an   individual  voxel  will  be  a  summation  of   the  spins  within  that  
voxel.   Inadequate   spatial   resolution   can   cause   significant   partial   volume   effects   at   the   vessel  
boundary,   where   voxels   contain   static   and  moving   spins.   In   the  magnitude   image   partial   volume  
effects  can  lead  to  errors  defining  the  vessel  boundary.  In  the  phase  difference  image  partial  volume  
effects  can  lead  to  an  underestimation  of  flow  and  peak  velocity  (Lotz  et  al.  2002).  Multiple  studies  
in  phantoms  and  in-­‐vivo  have  investigated  partial  volume  effects  with  accuracy  of  flow  quantification  
and   in   general   the   number   of   voxels   across   the   diameter   of   a   vessel   considered   sufficient   to  
accurately  quantify  flow  ranges  between  3  and  4  (Greil  et  al.  2002)  (Hofman  et  al.  1995)  (Lotz  et  al.  
2002)  (Tang  et  al.  1993).    
Deviation   of   the   imaging   plane   from   the   plane   orthogonal   to   the   vessel   lumen   can   also   lead   to  
inaccuracies  in  the  measured  velocity.  ŶĂŶŐůĞŽĨɽǁŝůůůĞĂĚƚŽĂǀĞůŽĐŝƚǇŵĞĂƐƵƌĞŵĞŶƚŽĨƚŚĞƚƌƵĞ
velocity* ߠ.   However   this   error   is   small,   6%   at   20°  misalignment.   For   flow  measurements   this  
error  is  compensated  by  the  1/ ߠ  increase  in  apparent  cross-­‐sectional  area.  An  angle  of  ±15-­‐20°  is  
considered   tolerable   as   the   increase   in   vessel   area   is   compensated   for   by   the   increase   in   partial  
volume  effects  (Gatehouse  et  al.  2005)  (Lotz  et  al.  2002)  (Tang  et  al.  1993).  Careful  placement  of  the  
2D  PC  acquisition  orthogonal  to  the  lumen  and  adequate  spatial  resolution  minimizes  this  error.  
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Aliasing  of  velocity    
The  noise  within  the  velocity  image  is  determined  by  the  VENC  and  the  SNR  of  the  magnitude  image,  
and  increases  with   larger  VENC  values.  The  SNR  for  the  velocity  map  (Conturo  and  Smith,  1990)   is  
shown  in  equation  3.32.  Consequently  to  maximize  SNRѐ੮,  VENC  should  equal  the  maximum  velocity  
within   the   blood   vessel   (Haacke,   1999,   chpt   24).   However   setting   the   VENC   below   the  maximum  
velocity  within  the  vessel  leads  to  aliasing  (erroneous  assignment  of  the  velocity  to  acquired  phase)  
and   usually   requires   the   scan   to   be   repeated.   In   practice   to   avoid   aliasing   VENC   is   chosen   to   be  
slightly   higher   than   the   expected   maximum   velocity.   In   addition   the   selection   of   the   VENC   will  
impose  requirements  on  the  area  under  of  the  bipolar  velocity-­‐encoding  gradients  and  will  therefore  
part  determines  the  minimum  achievable  TE  and  TR  (Bernstein,  2004,  chpt  15).  Increasing  the  VENC  
to  avoid  aliasing  requires  smaller  amplitude  velocity  encoding  gradients  and  consequently  decreases  
TE  and  TR.  However,  as  mentioned  above  a  VENC  set  considerably  higher  than  the  maximum  velocity  
within  the  vessel  of  interest  will  result  in  a  low  SNRѐ੮.  
  
SNRȴ੮  ן ܴܵܰ௠௔௚ ቀ
ȁ௩ȁ
௏ாே஼
ቁ                                                                                                                                                                                                                            (3.36)  
  
Accelerated  flow  
PC   measurements   are   optimized   for   linear   flow   (second   order   moments   are   non-­‐zero   in   simple  
bipolar  gradients  yet   it   is  assumed  that  acceleration   is  minimal).  Accelerated  flow  such  as  stenotic  
jets  or  turbulence  cause  errors  in  the  flow  measurement  and  may  lead  to  artefacts  (Petersson  et  al.  
2010).   In   areas   of   acceleration   or   turbulence   where   velocities   fluctuate   rapidly,   spatial  
misregistration   errors   (displacement)   due   to   phase   shifts   from   higher   order  motion,   flow   related  
signal   loss   due   to   intravoxel   phase-­‐dispersion,   and   ghosting,   due   to   view-­‐to-­‐view   variations   can  
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occur   (Peterson  et  al.  2010).  Some  studies  have  employed  PC  MR  sequences  with  ultrashort  echo  
times   to   reduce   the   signal   loss   artefacts   (K͛ƌŝĞŶ Ğƚ Ăů͕ ϮϬϬϵ).   Others   have   used   the   effects   of  
fluctuating  velocity  on  the  magnitude  signal   to  map  the   intravoxel  velocity  standard  deviation  and  
infer   information   on   turbulence   (Dyverfeldt   et   al.   2006).   However,   carrying   out   flow   assessments  
with   PC  MRI   in   these   situations,   in   particular   in   patients  with   cardiovascular   disease   still   remains  
challenging  (chapter  6).      
  
3.4.3  4D  PC  MRI  
To   fully   represent   the   complex   flow   patterns   in   the   heart   and   surround   vessels,   3D   structural  
information   and   3   directional   velocity   information   is   needed.   The   application   of   4D   PC   MRI   to  
investigate  blood  flow  hemodynamics  in  various  anatomical  locations  was  realized  over  20  years  ago  
(Moran,  1982)  (Kilner  et  al.  1993)  (Firman  et  al.  1993).  Since  then  numerous  studies  of  blood  flow  
hemodynamics   in   healthy  and  diseased   adult   subjects   have   been   carried  out   (Bogren  et   al.   1997)  
(Kilner  et  al.  2000)  (Markl  et  al.  2003,  2011).  The  conventional  term  4D,  refers  to  the  time  resolved  3  
dimensional  data  with  velocity  encoding  in  all  3  directions.  Achieving  isotropic  spatial  resolution  with  
comprehensive   time   resolved   flow   information   over   the   entire   volume   provides   a   rich   dataset.  
Consequently      enabling   retrospective  quantification  of   flow   (within   vessels  of   sufficient   calibre)   at  
any  anatomical  location  within  the  volume,  visualization  of  streamlines,  time  resolved  particle  traces  
(figure  3.4.2)  (Valverde  et  al.  2010)  (Markl  et  al.  2004),  quantification  of  turbulence  (Dyverfeldt  et  al.  
2008,  2009),  pulse  wave  velocity  (chapter  7)  (Markl  et  al.  2010)  (Metafratzi  et  al.  2002)  (Gang  et  al,  
2004)  and  secondary  vascular  parameters   such  as  wall   shear  stress   (Oyer  et  al.  1998)   (Hope  et  al.  
2010).        
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Figure   3.4.2   ʹ   Time   resolved   particle   traces   of   an   aortic   bifurcation:   The   resultant   visualization   depicts   the  
hemodynamic  blood  flow  within  a  1.7kg  infant  born  at  35+6  weeks  gestation  with  an  aortic  bifurcation.  An  iso-­‐
surface   rendering   of   the   velocity   data   generates   a   pseudo   angiogram   where   the   vasculature   can   be   seen.  
Anterior  (A),  posterior  (P),   left   (L)  and  right  (R)  are   indicated  on  the  figures.  The  aorta   is  rotated  to  provide  4  
different  view  to  aid  visualization.  a:  by  generating  particle  traces  during  systole  from  the  time  resolved  velocity  
data  the  blood  flow  within  the  ascending  and  descending  aorta  (AAo,  DAo)  and  point  of  bifurcation  along  the  
arch  can  be  seen.  b:  the  aortic  bifurcation  can  be  seen  from  above.  c  and  d:  blood  flow  within  the  right  common  
carotid  and  subclavian  artery  (2  arch  vessels)  can  be  seen  following  from  the  bifurcation.  Blood  flow  through  
the  superior  mesenteric  artery  (SMA),  which  supplies  the  small  intestine  can  be  visualized.  Blood  flow  cannot  be  
visualized  re-­‐joining  the  DAo,  indicating  that  vessel  constriction  has  occurred.  The  uses  and  practicalities  of  4D  
PC  MRI   in   preterm   infants  will   covered   in   chapter   6   and   7.   The   infant   shown  here   is   purely   to   illustrate   the  
visualization  of   the  velocity   flow   field  and   its  potential  within   the  preterm  cohort  and  will  not  appear   in   the  
subsequent  studies.  
  
The   translation   to   the   clinical   environment   has   been   slow   due   to   lengthy   acquisitions   and   the  
substantially  manual  processing  needed  for  analysis.    The  need  to  collect  time  resolved  high  spatial  
resolution  volumetric  data  combined  with  3  directional  velocity  encoding   leads  to   long  scan  times.  
Multiple  acceleration  techniques  have  been  used  to  reduce  scan  time  to  a  clinically  feasible  duration  
including  parallel   imaging   (Thunberg  et  al.  2005)   (Baltes  et  al.  2005),  different  sampling   strategies  
(Barger  et  al.  2000)  and  different  k-­‐space  trajectories  (Johnson  et  al.  2008).    
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3.5  Cardiac  MRI  in  the  Preterm  and  Neonatal  Population:  Considerations  
Quantification   of   cardiac   function   and   blood   flow   volumes   with   echocardiography   are   unreliable  
(Groves   et   al.   2008);   consequently   many   pathologies   in   the   preterm   population   remain   poorly  
understood   leading  to  uncertainly  over   treatment  approach.  The  development  of  neonatal  cardiac  
MRI  has  the  potential  to  provide  additional  hemodynamic  and  functional  information.  However  the  
small   size   (figure  3.5.1),   high  heart   rate,   instability   and   lack  of  patient   cooperation  necessitate   an  
optimized  approach  when  scanning  preterm  and  term  infants.    
  
  
Figure  3.5.1  ʹ  Relative  size  of  an  adult,  preterm  and  extremely  preterm  infant:  A  transverse  slice  depicting  the  
relative  size  of  a  70kg  adult,  preterm  2.5kg  and  extremely  preterm  755g  infant  to  scale.  
  
  
Pre-­‐scan  preparation    
The  environment  and  level  of  routine  monitoring  present  on  the  neonatal  unit  must  be  maintained  
during   the  MRI   scan.   This   requires  MR   compatible   respiratory   support   systems,   blood   saturation  
(SaO2   levels)   and   auxiliary   temperature   monitoring,   respiratory   and   heart   rate   as   well   as  
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temperature  control.  When  sedation  is  not  given  lack  of  patient  cooperation  can  be  problematic.  All  
the   studies  presented   in   the   thesis  were  carried  out  without   sedation  or   anaesthesia.   Instead   the  
feed   and  wrap   technique   (Merchant   et   al.   2009)  was   adopted  with   a   good   success   rate.   Acoustic  
noise  protection  was  achieved  by  applying  mouldable  dental  putty  to  the  outer  ears  and  followed  by  
neonatal  ear  muffs.  
  
Considerations  
Preterm  and  term  infants  heart  rates  can  range  from  100-­‐180bpm  often  with  periods  of  apnea  and  
bradycardia  (Polin,  2008).  This  leads  to  long  scan  times  due  to  rejection  of  data  and  limited  k-­‐space  
sampling   per   heartbeat.   This   small   R-­‐R   interval   also   limits   the   k-­‐space   trajectories   that   can   be  
utilized.  
High   spatial   resolution   is   required   to   image   the   very   small   neonatal   cardiovascular   structures;  
however  the  use  of  contrast  enhanced  imaging  is  not  widely  used  or  preferable  in  this  cohort.  From  
a  methodological   point   of   view   the   preterm   vasculature   is   also   often  more   tortuous   than   adults,  
consideration  over  slice  placement  and  study  design   is  needed  (chapter  4).  The  weight  and  size  of  
the  infants  involved  in  the  studies  presented  in  this  thesis  ranged  from  600g  to  3.5kg,  consequently  
to  maximize  SNR   in  even   the   smallest   infants   two  different   receive  coils  were  utilized   for   subjects  
above   and   below   2kg.   However   SNR   is   still   limited   and   this   restricts   the   extent   of   acceleration  
techniques  that  can  be  applied.    
Shimming  can  also  be  problematic  in  neonates.  Automated  shim  methods  are  generally  adequate  to  
provide  high  quality  adult  cardiac  images.  However  these  methods  are  less  successful  in  neonates  as  
the  small  regions  of  interest  and  therefore  small  shim  volumes  required  lead  to  insufficient  SNR  for  
the   system   to   calculate   the   appropriate   shim   values.   In   addition,   without   contrast   enhancement  
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multiple  NSA  are  used  to  increase  image  SNR.  The  resultant  long  scan  times  can  be  problematic  in  
SSFP  sequences  due  to  drifts  in  the  resonant  frequency  (chapter  5).    
In  the  following  work  chapters  these  considerations  are  highlighted  and  approaches  to  tackle  several  
of  these  issues  are  described.    
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Chapter  4    
Blood  Flow  Distribution  in  the  Preterm  Circulation:  Quantification  of  PDA  Shunt  
Volume  and  its  Impact  
  
The  work  in  this  chapter  describes  a  technique  to  quantify  cardiac  output  and  global  distribution  of  
systemic  blood  flow  in  preterm  and  term  infants  using  PC  MRI.  The  accuracy  and  repeatability  of  this  
technique  is  then  analysed.  Blood  flow  distribution  to  the  upper  and  lower  body  in  healthy  preterm  
and  term  infants  is  then  presented  as  a  function  of  corrected  gestational  age  (cGA)  to  establish  the  
normative  range.  This  same  technique  is  then  used  to  quantify  ductal  shunt  volume  and  its  effect  on  
global   blood   flow   distribution   in   infants   with   prolonged   patency   of   the   ductus   arteriosus.   The  
significance  of  the  presence  of  PDA  on  upper  and  lower  body  blood  flow  is  then  determined.  Ductal  
shunt  volumes  were  also  related  to  echocardiography  measures  to  determine  the  most  robust  echo  
measure  of  ductal  flow.  
In  addition,  investigations  into  regional  blood  flow  distributions  in  preterm  and  term  infants  are  then  
carried  out.  PC  MRI  was  used  to  quantify  cerebral  blood  flow   in  a  preliminary  cohort  of  5  healthy  
infants   and   quantify   flow   to   the   abdominal   organs   in   a   larger   group   of   healthy   and   PDA   infants.  
These  preliminary  studies  are  presented  in  the  final  subsections  of  this  chapter.  
  
4.1  Quantification  of  PDA  Shunt  Volume  and  the  Resultant  Flow  Distribution  
  
4.1.1  Introduction    
Persistently  PDA  is  a  common  congenital  condition  in  neonates  and  is  clinically  apparent  in  60%  of  
infants   born   before   28   weeks   gestation   (Wyllie,   2003).   PDA   has   been   correlated   with   multiple  
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adverse   outcomes,   including   adverse   neurodevelopmental   outcome,   chronic   lung   disease,  
pulmonary   haemorrhage,   necrotizing   enterocolitis   (NEC),   intra-­‐ventricular   haemorrhage,   whether  
this   association   is   causal   or   casual   remains   unclear   (Coombes   et   al.   1990)   (Evans   et   al.   1996)  
(Gonzalez  et  al.  1996)  (Kluckow  et  al.  2000).  More  than  40  randomized  controlled  trials  have  been  
carried  out  to  assess  optimal  treatment  for  PDA,  but  none  have  shown  improvements  in  mortality  or  
significant   long-­‐term  morbidity   (Bose   et   al.   2007)   (Wyllie,   2003).   Hence,   despite   over   30   years   of  
research  studies  involving  thousands  of  infants,  the  evidence  for  pharmacological  closure  of  the  duct  
is  inconclusive  (Sasi  et  al.  2011).    
Controversy  also  exists  over  appropriate   indications  for  treatment  varying  from  prophylaxis  on  the  
basis  of  gestation  to  treatment  only  when  a  PDA  is  demonstrably  significant  (Wyllie,  2003).  Added  
complication  arises  by  differing  diagnostic  criteria  for  ductal  patency  or  significance:  the  definition  of  
a  hemodynamically   significant  duct   varies   among  neonatologists   and   is   a   source  of   contention.   In  
addition   echocardiography,   the   current  modality   used   for   PDA   assessment   cannot   determine   the  
clinical   significance   of   the   duct.  Measurements   of   cardiovascular  morphology   and   visualization   of  
ductal   flow   patterns   are   used   to   indicate   the   volume   of   ductal   shunting,   with   high   shunt   PDA  
thought  to  be  more  clinically  significant.  These  factors  have  led  to  little  consensus  over  appropriate  
treatment  which  varies  between  sites  (Laughon  et  al.  2007)  (Fig  4.1.1)  and  is  thought  to  result  in  up  
to  64%  of  infants  being  treated  unnecessarily  (Wyllie,  2003).    
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Figure  4.1.1  ʹ  PDA  treatment  rates:  Data  from  134  Pediatric  Group  NICUs  in  the  USA  between  1997  and  2004  
(Laughon  et  al.  2007).  The  graph  illustrates  that  treatment  rate  as  a  proportion  of  infants  diagnosed  with  PDA  
and  varies  between  0-­‐100%  across  sites  and  exemplifies  that  there  is  no  consensus  over  treatment.  
  
Treatment  of  PDA  
The   argument   for   enforced   ductal   closure   is   that   high   volume   systemic   to   pulmonary   shunting  
causes  both  pulmonary  hyper-­‐perfusion  and  global  or  regional  systemic  hypo-­‐perfusion  (Agarwal  et  
al.  2007)  (Groves  et  al.  2008a)  (Laughon  et  al.  2007):  it  is  thought  that  PDA  may  cause  preferential  
steal   of   systemic   blood   flow   (diminished   perfusion   to   the   lower   body   due   to   blood   flow   through  
duct).   Treatment   ranges   from   surgical   ligation   to  medication,   but  optimum   timing   of   intervention  
remains  unclear  (Wyllie,  2003).    
Surgical   ligation   is   performed   via   a   left   posterolateral   thoracotomy   and   the   duct   is   either   tied   or  
clipped.  Most  surgical  complications     often  are  related  to  the  thoracotomy  yet  inadvertent  ligation  
of   the   left  pulmonary  artery  and  descending  aorta  have  been   reported   (Wyllie,  2003).  Medication  
either  in  the  form  of  Indomethacin  or  Ibruprofen  uses  non  selective  cyclo-­‐oxygenase  inhibitors  that  
inhibit  prostaglandin  synthesis  causing  vasoconstriction   (Sasi  et  al.  2011).  This   results   in   functional  
closure  of  the  duct  within  48  hours  in  79%  of  infants  (Wyllie,  2003),  though  relapse  has  been  shown  
in  up   to  33%  of   infants.  Vasoconstriction  however,   is   not   targeted  and  occurs   in   the  cerebral   and  
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gastrointestinal  arterial  supplies  (Coombes  et  al.  1990)  (Edwards  et  al.  1990).  Renal  impairment  and  
pulmonary   and   gastrointestinal   haemorrhage   have   also   all   been   associated   with   this   medical  
treatment  (Wyllie,  2003).  The  risks  of  a  surgical  procedure  on  such  a  fragile  population  and  that  the  
medication  is  toxic  have  added  to  the  increasing  speculation  that  intervention  to  close  a  PDA  may  be  
unwarranted  (Benitz,  2010)  (Chorne  et  al.  2007)  (Knight,  2001)  (Overmeire,  2007).  
  
Current  assessment  
Echocardiography  is  currently  used  for  PDA  assessment,  but  degree  of  assessment  varies  across  sites  
(Sehgal  et  al.  2009).    Typically  the  standard  full  evaluation  includes  measurement  of  ductal  diameter,  
peak  systolic  and  end-­‐diastolic  ductal  blood  flow  velocity  ratio,  ratio  of  left  atrial  diameter  to  aortic  
root  and   reversal  of  diastolic   flow   in   the  descending  aorta   (Wyllie,  2003).  However   these  markers  
only   establish   the   presence   of   a   duct   and   indicate   shunt   volume   and   not   the   hemodynamic  
significance  or  volume  of  flow  through  the  duct  (Evans  et  al.  2004).  Ductal  shunt  volume  cannot  be  
quantified  reliably  by  echocardiography  due  to  air  spaces  within  the  lungs.  
Many   echocardiography   studies   investigating   abdominal   and   cerebral   blood   flow   volumes   in   the  
presence  of  a  PDA  (Coombes  et  al.  1990)  (Lemmers  et  al.  2008)  have  shown  a  reduction  in  regional  
flow.  Conversely  a  study  carried  out  by  Shimada  et  al.  1994  suggested  that  despite  large  left-­‐to-­‐right  
ductal   shunting,   the   preterm   heart   is   capable   of   mounting   a   compensatory   increase   of   cardiac  
output   sufficient   to   maintain   unchanged   cerebral   blood   flow   velocity,   but   is   unable   to   maintain  
postductal  organ  blood   flows  because  of  decreased  perfusion  pressure   (ductal   steal)  and   localized  
increase  in  vascular  resistance.  This  study  however,  only  quantified  cerebral  blood  flow  velocity    and  
not   flow   volume   due   to   the   imaging   window   and   did   not   quantify   the   shunt   volume   or   the  
association  with  blood  blow  distribution.    
Although  echocardiography  offers  high  sensitivity  for  detection  of  a  PDA  and  patterns  of  blood  flow,  
it   has   limited   ability   to   quantify   volumes   of   flow   (Chew   et   al.   2003)   (Groves   et   al.   2008b)   either  
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within  the  duct  or   in   the  surrounding  vessels.  As  a  result   the  previously  mentioned  clinical  studies  
have  all  been  weakened  by  a   limited  ability   to  quantify  PDA  shunt  volume  and   its   impact  on  total  
systemic  and  pulmonary  blood   flow  with  accuracy.  Hence   there   is  a  need   for   the  development  of  
techniques   to  accurately  assess  the  hemodynamic   impact  of   the  duct   to  aid   future  clinical  trials   in  
determining  treatment  approach.  
PC  MRI  provides  a  non-­‐invasive  technique  to  quantify  blood  flow  that  is  not  limited  by  the  imaging  
window   or   image   angle-­‐dependent   (Fogel   et   al.   2000)   (Gatehouse   et   al.   2005)   (Tan   et   al.   2001)  
(Varaprasathan   et   al.   2002).   An   initial   study   carried  out   by   Sieverding  et   al.   1992  quantified   intra  
cardiac  shunt  volumes  in  6  children  with  congenital  heart  diseases  via  PC  flow  measurements  in  the  
great   vessels.   It   has   previously   been   shown   that   PC   MRI   has   improved   reproducibility   when  
quantifying  flow  compared  to  echocardiography  in  the  neonatal  population  (Groves  et  al.  2011).  The  
neonatal  unit  at  QueĞŶŚĂƌůŽƚƚĞ͛ƐĂŶĚŚĞůƐĞĂ,ŽƐƉŝƚĂů͛Ɛ  neonatal  unit  has  adopted  an  approach  of  
non-­‐intervention   for   the   PDA,   leaving   the   duct   to   close   naturally   in   >90%   of   preterm   infants  
(unpublished  data).  This  has  provided  the  opportunity  to  study  the  duct  at  a  point  along  its  natural  
history.  
  
Objective  
The  aim  of  the  work  presented  in  this  section  was  firstly  to  investigate  the  global  flow  distribution  in  
control   (infants  with   closure   of   PDA   confirmed   by   echo)   preterm   and   term   infants   using   PC  MRI.  
Secondly  to  develop  a  technique  to  quantify  ductal  shunt  volume  and  the  impact  of  PDA  on  systemic  
blood  flow  volume  in  neonates,  with  scope  to  aid  future  clinical  trials.  Finally  by  relating  ductal  shunt  
volumes   also   to   echocardiography  measures   the  most   robust   echo  measure   of   patency   could   be  
determine.  This  study  has  since  been  accepted  for  publication  in  NMR  in  Biomedicine  (Broadhouse  
et  al.  2013).    
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4.1.2  Patients  and  Methods  
The  study  was  approved  by  the  North  West  London  Research  Ethics  Committee  (06/Q0406/137)  and  
written  informed  parental  consent  was  obtained  in  all  cases.    
  
Study  cohort    
Cardiac  MR   images  were   obtained   from   77   infants  who  were   inpatients   at   Guys   and   St   ThoŵĂƐ͛
Hospital  and  YƵĞĞŶŚĂƌůŽƚƚĞ͛ƐĂŶĚŚĞůƐĞĂ,ŽƐƉŝƚĂů͕ŵĞĚŝĂŶ ;ƌĂŶŐĞͿŐĞƐƚĂƚŝŽŶĂůĂŐĞ31+4(24+3-­‐38)  
weeks,   cGA   33+6(26+4-­‐38+6)   weeks,   birth   weight   1495(525-­‐3760)   grams,   weight   at   scan   1575(660-­‐
3760).  All  infants  were  scanned  using  acoustic  ear  protection,  pulse  oximetry,  vector  ECG  monitoring  
and  without  sedation  or  anesthesia  (Merchant  et  al.  2009).  No  respiratory  compensation  techniques  
were   used   as   the   rapid   and   shallow   neonatal   respiratory  motion   patterns   and  multiple   averages  
meant  that  no  significant  motion  artefacts  were  observed  in  any  of  the  subjects  (figure  4.1.2b,  c  and  
d).    
Seventeen  infants  had  PDA  demonstrated  on  echocardiography,  with  1  of  those  infants  also  having  a  
small  (2mm)  muscular  ventricular  septal  defect  (VSD).  This  infant  was  not  excluded  from  the  study  
since  this  intracardiac  shunt  would  not  bias  our  assumptions  about  left  ventricular  output  (LVO),  SVC  
flow   and   blood   flow   in   the   descending   aorta   (DAo).   Sixty   infants   had   normal   cardiac   anatomy  
(persistent  patency  of  the  foramen  ovale  was  considered  a  developmental  variant  and  was  seen  in  
13  of  the  infants  in  the  study).    
Sixteen  infants  required  low  flow  supplemental  oxygen  or  nasal  continuous  positive  airway  pressure  
via  an  MR  compatible  system  (Merchant  et  al.  2009)  but  all   infants  were  stable  and  tolerating   full  
enteral  feeds  during  the  scan.  None  of  the  infants  were  mechanically  ventilated  during  the  scan.  All  
infants   had   an   echo   performed   within   24   hours   of   MRI   scan   by   an   operator   with   >10   years   of  
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experience   in  neonatal  echocardiography.  There  was  no  change   in   respiratory   status   in  any   infant  
between  MRI  and  echo  scans.  
  
Echocardiography  measures  
All   echocardiographic   images   were   acquired   using   a   Vivid   7   ultrasound  machine   (GE   Healthcare,  
Milwaukee,  WI)  with  a  10MHz  sector  probe.  Ductal  diameter  was  assessed  at  the  point  of  maximal  
ductal  constriction  on  colour  Doppler.  Care  was  taken  to  minimise  the  colour  gain  settings  to  avoid  
exaggeration  of  ductal  diameter   (Skinner  et  al.  2001).  Peak   systolic  and  end  diastolic  ductal  blood  
flow   velocity   ratio   (ED/Max   flow)   was   assessed   using   continuous   wave   Doppler.   The   ductal   flow  
pattern   is   dependent  on   diameter   and   systemic   and  pulmonary   vascular   resistance   and   therefore  
indicative  of  shunt  volume  (Su  et  al.  1999).  Ratio  of   left  atrial  diameter   to  aortic   root   (LA:Ao)  was  
assessed   using   leading   edge-­‐leading   edge   technique   from  M  mode  Doppler   in   the   long   axis   view  
(Skinner  et  al.  2001).  The  left  atrium  is  thought  to  dilate  due  to  increased  preload  from  the  addition  
shunt   volume   (Sehgal   et   al.   2009).   Reversal   of   diastolic   flow   in   the   descending   aorta   (regurgitant  
fraction)  was  assessed  using  pulsed  wave  Doppler  from  a  high  parasternal  view  with  angle  correction  
(Skinner  et  al.  2001).  Regurgitant   fraction   indicates  systemic  blood  flow  steal  during  diastole  as  LV  
pressure  decreases  maximizing  the  pressure  gradient  across  the  duct.  ƵĐƚĂůĚŝĂŵĞƚĞƌŽĨшϭ͘ϱŵŵ͕
ED/Max  flow  <  50%,  LA:Ao  >  1.4  and  reversal  of  diastolic  flow  in  the  descending  aorta  are  all  thought  
to  indicate  high  volume  ductal  shunting  (Skinner  et  al.  2001).  
This  full  protocol  was  carried  out  in  all  but  6  PDA  infants  who  became  unsettled,  causing  the  echo  
protocol   to   be   cut   short.   These   measures   were   then   correlated   to   PC  MRI   ductal   shunt   volume  
values  to  determine  the  association.    
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PC  MRI  Acquisition    
Data  was  acquired  on  a  Philips  3-­‐Tesla  MR  Achieva  scanner  (Best,  Netherlands)  using  a  specialised  8  
channel   pediatric   body   receive   coil   for   infants   above   2kg   and   a   small   extremity   receive   coil   for  
infants  below  2kg.  Standard  single  slice  retrospectively  gated  PC  MRI  sequences  (optimized  from  the  
previous   study   (Groves   et   al.   2011)   with   spatial   resolution   of   0.6x0.6mm,   slice   thickness   =   4mm,  
TR/TE   =  5.9/3.1ms   and  number  of   signal   averages   (NSA)   =   3  were   employed   to   achieve   sufficient  
voxel  coverage  of  the  vessels  of   interest  for  a  robust  and  reliable  measurement   in  even  extremely  
preterm  infants  while  keeping  scan  duration  to  a  minimum.  The  velocity  encoding  was  calibrated  for  
a  VENC  of  ±120/150cms-­‐1  for  LVO  and  DAo  sequences  and  60/80cms-­‐1  for  SVC  sequences.  Acquisition  
time   for   each   2D   PC   scan   ranged   between   1   and   4   minutes   due   to   heart   rate   variability   and  
arrhythmia   rejection.     Table  4.1.1   shows   the  sequence  parameters   for   the  3  PC  scans  used   in   this  
study.  
  
Scan 
spatial 
resolution 
(mm) 
cardiac 
phases 
FOV 
(mm) 
Slice 
thickness 
(mm) 
TR/TE 
(ms) 
flip 
angle 
(degre
es) 
PE 
direction NSA 
VENC 
cm/s 
scan 
duration 
(mins) 
LVO 0.6x0.6 20 90-120 4 5.9/3.1 10 AP 3 120-150 1-4 
SVC 0.6x0.6 20 90-120 4 5.9/3.1 10 AP 3 60-80 1-4 
DAo 0.6x0.6 20 80-120 4 5.9/3.1 10 AP 3 120-150 1-4 
  
Table  4.1.1  2D  PC  MRI  scan  parameters:  Table  shows  the  scan  parameters  for  the  3  PC  sequences  used  in  this  
study.  
  
PC  sequence  optimization  
Evaluation  of  coils  and  SNR  
Optimization  of  the  previously  mentioned  PC  acquisition   (Groves  et  al.  2011)   relied  heavily  on  the  
addition  of   the  paediatric  body  and  small   extremities   coil   (previous  neonatal   scans  were  acquired  
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with  a  flex  M  coil).  Evaluation  of  the  small  extremities  and  paediatric  coils  was  carried  to  assess  the  
available  SNR  gain  if  any  over  the  Flex  M  coil.  The  Flex  M  consisted  of  2  separate  coil  elements  that  
were  placed  above  and  below   the   subject,   the   small   extremities   coil   consisted  of  8  elements   in   a  
semi  flexible  design  and  the  paediatric  body  coil  consisted  of  8  elements  in  a  rigid  cylindrical  design.  
SNR  was  calculated  in  1ltr  phantom  containing  doped  water.  In  addition,  in  vivo  SNR  measurements  
from  the  small  extremities  and  paediatric  body  coil  were  calculated  in  2  neonates.    
RF  spoiled  GE  sequences  (spatial  resolution  =  1.88x2.5mm,  slice  thickness  =  10mm,  TR/TE  =  20/5ms)  
were   used   to   quantify   SNR   in   the   phantom   bottle.   Single   central   plane   sagittal   and   coronal   and  
multiple  transverse  slices  were  acquired  with  each  coil.  SNR  was  determined  by  calculating  the  mean  
and  standard  deviation  (SD)  of  the  signal  over  40  dynamic  scans  on  a  voxelwise  basis.  Noise  was  then  
estimated  by  averaging  the  SD  within  a  ROI  inside  the  phantom.  It  was  not  feasible  to  calculate  SNR  
in   neonates  with   the   same  method   as   above   due   to   cardiac  motion,   consequently   PC   sequences  
were   used,   firstly   to   calculated   SNR   from   the   gated   magnitude   images   and   secondly   to   assess  
performance  of  the  coils  using  a  PC  sequence.  Three  transverse  PC  sequences  (identical  parameters  
as   above)   were   acquired   at   the   level   of   the   pulmonary   arteries   in   2   infants   with   both   the   small  
extremities  and  paediatric  coil.  The  2  infants  had  cGA  27+3  and  33+1  weeks  and  weight  at  scan  660g  
and  1880g.    SNR  was  calculated  by  averaging  the  magnitude  signal  and  SD  over  the  20  cardiac  phases  
on  a  voxelwise  basis.  Noise  was  then  estimated  by  averaging  the  SD  within  an  ROI  in  static  tissue.            
Although  the  Flex  M  provided  more  SNR  in  the  phantom  than  the  Paediatric  body  coil,  the  SNR  was  
un-­‐uniform   and   over   the   region   of   the   heart   (centre   of   the   phantom)   was   slightly   less   than   the  
Paediatric  coil  (figure  4.1.2).  The  diameter  of  the  1ltr  phantom  was  approximately  the  same  as  the  
torso  and  arms  of  a  1.5kg  infant.  When  scanning  infants,  the  top  element  of  the  Flex  M  is  placed  on  
top  of  the   infant,  the  arms  and  blankets  often  add  to  the  distance  between  the  heart  and  the  coil  
elements  which  would  reduce  SNR  in  this  region.  In  addition  the  closed  design  of  the  paediatric  body  
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and   small   extremities   coils   led   to   the   infants   being   more   settled   during   the   scan;   consequently  
longer  scans  could  be  tolerated.    
  
  
Figure  4.1.2  SNR  phantom  test:    the  SNR  in  a  transverse  plane  in  the  1ltr  phantom  from  the  Flex  M,  small  
extremities  and  paediatric  coils.  
  
The  SNR  was  noticeably  larger  in  neonates  using  the  small  extremities  coil,  for  the  infant  ~2kg  there  
was  minimal  difference  in  SNR  seen  between  the  2  coils  (figure  4.1.3).  It  was  therefore  decided  that  
infants   <2kg  would   be   scanned   in   the   small   extremities   coil   and   infant   >2kg  be   scanned  with   the  
paediatric  body  coil.  
  
Figure   4.1.3   SNR   calculated   from   PC   sequences:   (at   the   level   of   the   pulmonary   arteries)   using   the   small  
extremities  and  paediatric  body  coils  in  a  660g  and  1880g  preterm  infant.  
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Parameter  optimization  
The  magnitude  of  the  gradients  was  increased  from  minimum  to  maximum  as  the  risk  of  peripheral  
nerve  stimulation  was  minimal  due  to  the  proximity  of  the  infants  to  the  iso-­‐centre  of  the  bore.    This  
subsequent   decrease   in   scan   duration,   the   increase   in   SNR   from   the   new   paediatric   and   small  
extremities  coil  and  infants  settling  for  longer  in  the  scanner,  and  therefore  tolerating  longer  scans  
allowed  the  spatial  resolution  to  be  increased  from  1.2-­‐0.6mm  for  the  2D  PC  acquisitions.  In  Chapter  
6   and   7   4D   PC  MRI   in   preterm   infants   is   introduced.   The   increase   in   SNR   and   decrease   in   scan  
duration   from  the  previously  mentioned  alterations  permitted  4D  PC  sequences   to  be  acquired  at  
1mm  isotropic  spatial  resolution  (previously  spatial  resolution  =  2.5mm  isotropic,  Groves  et  al.  2012)  
in  infants  in  a  tolerable  time  frame.  
  
Background  phase  errors    
Background  phase  errors  in  the  PC  acquisitions  were  determined  from  a  phantom  scan.  Directly  after  
an  infants  had  been  scanned  a  gelatine  phantom  was  placed  at  the  same  position  within  the  bore  of  
the   magnet,   in   the   receive   coil,   as   the   infant.   The   3   LVO,   SVC   and   DAo   2D   PC   scans   were   then  
acquired   again   with   identical   geometry.   A   1ltr   gelatine   phantom   was   used   instead   of   a   water  
phantom   to  minimize  movement   of   the   sample   from   table  motion  which  would   add   to   apparent  
background  phase  errors   in  the  PC   image.  Firstly  no  visible  change   in  velocity  was  visible   in  any  of  
the  3  scans  (figure  4.1.4).    ROIs  were  then  determined  within  the  phantom  at  the  same  position  as  
the  vessels  of   interest.  Flow  was  calculated  using  viewforum  in  the  same  manner  as  from  the  LVO  
DAo  and  SVC  sequences  in  infants.    Average  cross-­‐sectional  velocity  for  all  3  ROIs  was  below  0.2cms-­‐
1.   This  would   give   rise   to   and   error   in   stroke   volume  of   ~  1.8%.   This   error  was   determined   to   be  
acceptable  in  the  clinical  setting.      
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Figure  4.1.4  Background  phase  errors:  background  phase   image   in  a  1Ltr  gelatine  phantom.     The   red  ROI  of  
interest  denotes  the  position  of  the  DAo  ROI.  Average  cross-­‐sectional  velocity  was  found  to  be  below  0.2cms-­‐1  
for  all  ROIs  and  therefore  background  phase  errors  were  considered  negligible.  
  
  
Acquisition  alignment  
Assessment  of  volume  of  flow  directly  within  the  PDA  is  not  currently  possible  since  the   individual  
morphology   and   position   of   the   duct   varies   greatly   between   subjects   and   the   duct   can   be   very  
tortuous   or   too   short   to   accommodate   an   imaging   slice   (Agarwal   et   al.   2007)   (see   chapter   6).  
Therefore  we  assumed  that  in  the  absence  of  ductal  shunting  LVO  should  equal  total  systemic  blood  
flow  (upper  +  lower  body  flow),  and  in  the  presence  of  ductal  shunting  the  difference  between  LVO  
and  total  systemic  flow  would  equal  the  ductal  shunt  volume.  
Pilot  scans  were  acquired  to  view  the  vessels  of   interest  to  ascertain  the  straightest  section  of  the  
vessel   adequate   for   the   slice   thickness   of   the   PC   sequences   and   to   position   the   sequences  
perpendicular   to   the   centreline   of   the   vessel   so   as   to   minimize   partial   volume   effects.   A   slice  
thickness   of   4mm  was   chosen   as   this  was   shown   to   be   adequate   to   reduce  partial   volume  errors  
whilst  preserving  SNR.    
LVO  was  quantified  at   the   level  of   the  aortic  valve   (figure  4.1.5a  and  b).  Arterial  upper  body   flow  
cannot   reliably   be   assessed   by   PC-­‐MRI   since   the   topology   of   the   brachiocephalic,   left   common  
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carotid  and  left  subclavian  arteries  does  not  allow  for  positioning  of  a  single  PC-­‐MRI  imaging  plane  
(figure  4.1.6).  Volume  of  flow  in  the  SVC  is  increasingly  recognised  as  a  marker  of  upper  body  flow  in  
neonatal   haemodynamic   assessments   (Kluckow   et   al.   2000)   therefore   upper   body   flow   was  
quantified   in   the   SVC   at   the   level   of   the   pulmonary   trunk   (figure   4.1.5c).   Lower   body   flow   was  
quantified  in  the  DAo  at  the   level  of  the  diaphragm  (figure  4.1.5d).  Quantifying  lower  body  flow  in  
the   inferior   vena   cava   (IVC)  was   not   possible   since   the   IVC   and   hepatic   veins  merge   immediately  
adjacent  to  the  right  atrium.  
  
  
Figure  4.1.5  Study  design:  a:  Anatomical  position  of  the  3  PC  MRI  sequences.  PC  MRI  sequence  to  quantify  b:  
LVO,   c:   SVC   flow   volume  and   d:  DAo   flow   volume.      PC  MRI   sequences  were   acquired  during   free   breathing.  
Images  show  no  significant  respiratory  motion  artefacts.  
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Figure   4.1.6   Brachiocephalic,   left   common   carotid   and   left   subclavian   arteries:   Angiogram   of   the  
brachiocephalic,   left  common  carotid  and  left  subclavian  arteries   in  a  preterm  infant.  Yellow  (centre)  and  red  
(edge)  lines  show  the  placement  of  a  4mm  thick  PC  MRI  sequence.  Topology  of  these  vessels  meant  that  flow  
could  not  be  quantified  accurately  in  all  3  vessels  using  just  1  sequence.  
  
Data  processing    
Sequence   analysis   and   flow   volume   quantification   for   PC   datasets   was   performed   using   a  
commercial   workstation   (Philips   ViewForum).   Automated   vessel   edge   detection   was   used   for   all  
vessels  of  interest,  with  manual  correction  where  necessary.  Once  defined  in  the  first  cardiac  phase  
the   software   tracks   the   vessel   of   interest   over   the   cardiac   cycle   using   edge   detection   algorithms.  
Flow  is  then  calculated  at  each  time  point  of  the  cardiac  cycle,  generating  a  flow  curve  and  volume  
of  flow  value  for  each  vessel  of  interest.    
  
Statistical  analysis  
A  Bland-­‐Altman   intra-­‐observer   repeatability   analysis   (Bland   et   al.   1986)   of   the   LVO,  DAo   and   SVC  
sequences  was  performed  in  10  infants  to  verify  the  accuracy  of  the  optimized  PC  sequence  in  the  
small   neonatal   vessels.  Mean   difference   of  measures,   limits   of   agreement   (loa)   and   repeatability  
index  (normalized  loa  =  loa/mean  of  measures,  RI)  were  calculated.  PC  and  required  pilot  sequences  
were   repeated   within   the   same   scan   session   5   or  more  minutes   apart.   Analysis   was   carried   out  
blinded  by  a  single  observer.  Due  to  time  constraints,  repeating  all  3  PC  sequences  in  the  same  scan  
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was  not  possible   therefore   LVO,  DAo  and  SVC   scan   re-­‐scan  was  not  necessarily   carried  out   in   the  
same  10  infants.  
Bland-­‐Altman  analysis  was  used  to  compare  LVO  and  total  systemic  blood  flow  PC  values  to  verify  
the   decision   in   systemic   blood   flow   slice   placement.   Mean   difference   of   measures,   loa   and  
normalized  loa  (loa/mean  of  measures)  were  also  calculated.    This  also  illustrated  the  magnitude  of  
the   ductal   shunt   volume   in   infants   with   PDA,   which   was   then   calculated   in   ml/kg/min   and   as   a  
percentage  of  LVO.    
Normative   ranges  of   SVC,  DAo  and   LVO  were   plotted   (against   cGA)   to   establish   normal   ranges  of  
flow  volumes  in  the  control  infants.  The  impact  of  ductal  shunt  volume  was  assessed  to  determine  
whether   infants  with  PDA  had  altered  global   flow  volumes.  To  examine  whether  preferential  steal  
(diminished   perfusion   of   blood   to   upper   or   lower   body   due   to   blood   flow   through   duct)   was  
predominantly  from  the  lower  body  in  PDA  infants,  the  ratio  of  upper  and  lower  body  flow  was  also  
plotted.   Flow   volumes   were   normalized   by   weight   at   scan   instead   of   body   surface   area   (as   is  
sometimes   reported)   as   this   is   the   convention   in   neonatal   hemodynamic   studies.   There   is   little  
consensus  on  how   to   reliably   calculate  body   surface  area  and   length  measurements  can  often  be  
erroneous  in  the  neonatal  population.    
Ŷ ƵŶƉĂŝƌĞĚ ^ƚƵĚĞŶƚ͛Ɛ ƚ-­‐test   was   used   to   compare   LVO,   lower   body   flow   and   upper   body   flow  
volumes  in  infants  with  and  without  PDA.  Multiple  linear  regressions  were  carried  out  on  upper  body  
and   lower   body   flow   volumes   and   upper/lower   body   flow   ratio   correcting   for   gestational   age   to  
investigate   if   an   association   with   PDA   shunt   volume   and   decreased   systemic   blood   flow   existed.  
Linear   regression   was   carried   out   on   ductal   shunt   volume   and   echocardiographic   measures   to  
establish   the   strength  of  association  of  each  measure  of  duct   flow.  ƐƉĞĂƌŵĂŶ͛Ɛ ƌĂŶŬĐŽƌƌĞůĂƚŝŽŶ
was  carried  out  on  ductal  shunt  volume  and  regurgitant  fraction  due  to  the  spread  of  data.  Ductal  
shunt  volume  was  represented  as  a  percentage  of  LVO.  Statistical  significance  was  determined  by  a  p  
value  <  0.05.    
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4.1.3  Results  
Intra-­‐observer  analysis  
In  10  infants  Bland-­‐Altman  intra-­‐observer  repeatability  analysis  of  LVO,  DAo  and  SVC  sequences  was  
carried  out  and  gave  a  scan-­‐rescan  RI  (equivalent  to  95%  confidence  interval)  of  11.5%,  11.9%  and  
12.8%   respectively.   Table   4.1.2   shows   the   median   (range)   weight   at   scan,   RI,   loa   and   mean  
difference  from  the  Bland-­‐Altman  analysis.      
  
Sequence  
Weight at scan 
(median(range)grams) RI% loa ml/kg/min 
Mean difference 
ml/kg/min 
LVO 1540(1100-2840) 11.5 -22.3 - 31.9 4.8 
DAo 1775(1100-3450) 11.9 -18.4 - 12.7 -2.9 
SVC 1440(1100-3450) 12.8 -10.6 - 15.6 2.5 
  
Table  4.1.2  -­‐  Bland-­‐Altman  Analysis:  Median  (range)  weight  at  scan,  RI,  limit  of  agreement  and  mean  difference  
values  from  the  Bland-­‐Altman  analysis  of  LVO,  DAo  and  SVC  repeatability.  
  
Infants  without  ductal  shunting  
In  60   infants   (median   (range)   gestational   age  33(24+3-­‐38)  weeks,   cGA  34+5(26+4-­‐38+6)  weeks,   birth  
weight   1775(560-­‐3760)grams,   and   weight   at   scan   1910(745-­‐3760)   grams)   closure   of   the   ductus  
arteriosus  was   confirmed  by   echocardiography.      In   these   infants   our   initial   assessment   suggested  
that  total  systemic  flow  was  slightly  greater  than  LVO  (mean  difference  -­‐12.2  ml/kg/min).  However  
population  anatomic  variation   in   the  azygos  venous  system  means  that   there   is  often  a  significant  
contribution  to  the  SVC  flow  volume  from  the  lumbar  and  pelvic  veins.  This  flow  would  effectively  be  
double-­‐counted   using   our   technique   since   the   flow   would   be   imaged   both   arterially   in   the  
descending   aorta   and   venously   in   the   superior   vena   cava   which   includes   azygos   drainage.   By  
calculating  the  volume  of  azygos  flow  at  the  level  of  the  diaphragm  (figure  4.1.5d)  the  contribution  
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from  lumbar  and  pelvic  veins  was  calculated,  and  subtracted  from  the  SVC  flow  in  order  to  evaluate  
the  correct  upper  body  flow.    
  
Figure  4.1.7  -­‐  The  azygos  system:  The  Azygos  vein  that  drains  the  chest  cavity  and  some  of  the   lower  body  is  
shown   to   join   the   SVC   just   below   the   right   and   left   innominate   veins.   An   iso-­‐volume   rendering   of   the   aorta  
generated  from  the  sum  of  squares  of  4D  PC  velocity  dataset.  a:  the  aorta,  left  ventricular  outflow  tract  (LVOT)  
SVC,  pulmonary  artery   (PA),   right   PA   (RPA),   left   PA   (LPA)  and   right   atrium   (RA)  are   clearly   shown   in   a  875g  
infant.   The   position   of   the   SVC   imaging   plane   is   shown   in   red.   b:   lowering   the   threshold   of   the   isosurface  
rendering  reveals  low  velocity  blood  flow  (in  blue).  The   innominate  veins,  azygos  vein  and  insertion  point  into  
the  SVC  can  clearly  be  seen,  again  the  position  of  the  imaging  plane  is  shown  in  red.  The  distance  between  the  
insertion  point  and  SVC  plane  was   found   to  be  5.1mm.  With  a   slice   thickness  of  4mm  all  of   the  azygos   flow  
would  be  included  in  the  quantification  of  SVC  flow  at  the  PC  acquisition  level.  The  resultant  velocity  field  within  
the  plane  can  be  shown  in  c.  
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Bland-­‐Altman  scan  rescan  analysis  
The  Bland-­‐Altman  plot   (figure   4.1.8)   shows   that   total   systemic   flow   (Upper   body   (SVC   -­‐   azygos)   +  
lower   body   (DAo   flow))   closely  matched   LVO,  with  mean   difference   2.06  ml/kg/min,   loa   -­‐27.8   to  
+32.0  ml/kg/min  and  normalized  loa  (RI)  =    13.2%.  Therefore  with  this  protocol  ductal  shunt  volume  
can  be  determined  within  13.2%  of  LVO.  Azygos  flow  was  found  on  average  to  be  5.7%  of  LVO.    
  
  
Figure   4.1.8   ʹ   Bland-­‐Altman   analysis:   LVO   and   systemic   blood   flow   as   measured   by   PC   MRI   in   60   control  
infants.  LVO  and  systemic  flow  values  showed  good  agreement.  
  
Infants  with  ductal  shunting  
Seventeen   infants   had   a   PDA   confirmed   by   echocardiography   (median   (range)   gestational   age  
27(24+3-­‐31+1)   weeks,   cGA   29+4(27+3-­‐36+1)   weeks,   birth   weight   975(525-­‐1400)   grams   and   weight   at  
scan  1140(660-­‐2400)  grams).  PDA  was  treated  in  2  of  the  17  infants.  One  with  Ibuprofen  prior  to  the  
scan   and   indomethacin   after,   the   duct   closed   shortly   after   the   second   course   of   treatment.   The  
second  was  treated  once  prior  to  the  scan  with  Ibuprofen.  Both  were  still  patent  at  the  time  of  the  
MRI  scan.  None  of   the  PDA   infants  underwent  surgery   to  close  the  duct.  All  of   the  17  PDA   infants  
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survived  and  there  were  no  incidences  of  NEC  in  this  cohort.  No  infant  included  in  this  study  went  on  
to  require  treatment  for  prolonged  ductal  patency.    
  
Volume  of  ductal  shunt  
Ductal  shunt  volume  was  calculated  for  all  17  PDA  infants  as  the  difference  between  LVO  and  total  
systemic   flow   and   ranged   between   6.4   and   74.2%   of   LVO.   PDA   infants   were   also   plotted   on   the  
Bland-­‐Altman   to   demonstrate   the   extent   of   the   ductal   shunt   volume   (figure   4.1.9).   Three   of   the  
infants  with  PDA  lay  within  the  Bland-­‐Altman  loa  and  would  not  therefore  be  differentiated  from  the  
control  infants  without  the  echo  results.  
  
  
Figure  4.1.9  ʹ  Ductal  shunt  volume:  Bland-­‐Altman  plot  of  LVO  and  total  systemic  blood  flow  ((SVC  ʹ  azygos)  +  
DAo  flow  volume).  Control  infants  (+)  and  PDA  infants  (෽).  Ductal  shunt  ranged  between  6.4  and  74.2%  of  LVO.  
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Impact  of  PDA  on  LVO  and  systemic  blood  flow  
The  normative  ranges  show  that  all  but  4   infants  with  PDA  had  LVO  above  the  control  group  95%  
confidence  limits  (figure  4.1.10a).  All  17  infants  with  PDA  had  upper  body  blood  flow  volumes  within  
or  above  the  control  group  95%  confidence  limits  (figure  4.1.10b).  All  but  4  of  the  PDA  infants  had  
lower  body  flow  volumes  within  or  above  the  control  group  95%  confidence  limits.  These  4  infants  
were  1.98,  1.99,  2.82  and  3.60  SD  below  the  mean  and  had  ductal  shunt  volumes  of  61.9%,  48.8%,  
66.5%   and   74.2%   of   LVO   respectively   (figure   4.1.10c).   All   but   3   PDA   infants   remained   with   the  
normative  range  for  upper/lower  body  flow  ratio  (figure  4.1.10d).  This  may  indicate  that  preferential  
steal  occurs  predominantly  from  the  lower  body  flow.  
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Figure   4.1.10   ʹ   Normative   ranges:   Normative   ranges   (with   respect   to   gestational   age)   of   blood   flow   in   77  
infants  with  (෽)  and  without  (+)  PDA,  black  lines  show  the  mean  and  population  range  at  95%  confidence  limits.  
a:     LVO.  b:  Upper  body  flow  (SVC  ʹ  Azygos  flow).  c:  Lower  body  flow  (DAo  flow).  d:  ratio  of  upper  and  lower  
body  flow.  
  
Comparison  of  controls  and  PDA  infants:  t-­‐tests  and  multiple  linear  regression  analysis  
An  ƵŶƉĂŝƌĞĚ^ƚƵĚĞŶƚ͛Ɛƚ-­‐test  showed  a  significant  increase  in  LVO  in  PDA  infants  (p  <  0.001).  Upper  
and  lower  body  flow  volumes  and  ratio  of  upper  and  lower  body  flow  were  not  significantly  different  
between  infants  with  and  without  a  PDA  (p  =  0.75,  p  =  0.81  and  p  =  0.43  respectively)  (table  4.1.3).  
However  multiple  linear  regression  analysis  correcting  for  gestational  age  showed  that  there  was  a  
significant  association  between  ductal  shunt  volume  as  a  %  of  LVO  and  a  decrease  in  both  upper  and  
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lower  body   flow  (p=0.03  and  p<0.001  respectively).  There  was  no  significant   relationship  between  
upper/lower  flow  ratio  and  ductal  shunt  volume  (d)  when  correcting  for  GA  (p  =  0.55).  Table  4.1.4  
shows  the  resultant  equation,  coefficients  and  p  values  for  each  multiple   linear  regression.  Graphs  
are  shown  in  appendix  4.1.  
  Controls PDA infants p value 
LVO 228(39) 389(120)                     <0.001 
Upper Body 93(25) 96(23) 0.75 
Lower Body 133(24) 131(30) 0.81 
Upper/lower  0.71(0.16) 0.73(0.21) 0.43 
  
Table  4.1.3  ʹ  Unpaired  student   t-­‐test:  Mean(SD)   values  of   LVO,  upper  and   lower  body   flow   (ml/kg/min)  and  
upper/lower  body  flow  ratio  ĨŽƌĐŽŶƚƌŽůĂŶĚWŝŶĨĂŶƚƐ͘WǀĂůƵĞƐĨŽƌƵŶƉĂŝƌĞĚƐƚƵĚĞŶƚ͛Ɛƚ-­‐test  between  control  
and  all  PDA  infants.  
  
Independent variable equation p value 
upper body flow = -2.4GA ± 0.3d +172.2 0.03 
lower body flow = -3.8GA ± 0.7d +257.8 <0.001 
upper/lower body flow = 0.001GA +0.002d +0.7 0.55 
  
Table  4.1.4  ʹ  Multiple  linear  regression:  results  from  multiple  linear  regression  analysis.  
  
  
Echo  measures  
Ductal  shunt  volume  (ml/min/kg  and  as  a  %  of  LVO)  quantified  by  PC  MRI  and  echo  measures  of  duct  
diameter,   LA:Ao   ratio,  DAo   regurgitant   fraction   and   ED/Max   ductal   flow   are   shown   for   each   PDA  
infant  in  table  4.1.5.  Duct  diameter  was  assessed  in  all  but  1  PDA  infant,  in  this  infant  a  constricted  
duct  was  observed  but  diameter  was  not  quantified.  Due  to  patient  unrest  some  echo  exams  were  
stopped  prematurely.  As  a  consequence  DAo  regurgitant  fraction  was  assessed  in  all  but  3  infants,  in  
1  of  these  infants  reversal  of  flow  was  observed  but  not  quantified.  LA:Ao  ratio  was  assessed  in  all  
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but  2   infants,   in  1  of   these   infants  a  dilated   left  atrium  was  observed  but  not  quantified.   ED/Max  
ductal   flow   was   assessed   in   all   but   4   infants,   again   in   2   of   these   infants   the   flow   pattern   was  
observed  but  not  quantified.    
  
  
GA cGA BW g 
Wt  at 
scan 
g 
shunt vol 
%LVO 
Shunt vol 
ml/min/kg 
PDA 
diameter 
mm 
DAo 
regurgitant 
fraction 
LA:Ao ratio ED/max ductal flow 
24+3 27+3 525 660 74.2 435 1.8 0.36 1.95 0.34 
31+1 32+2 1180 1180 66.5 397 2.4 Reversal, nq Dilated LA, nq 
Unrestrictive, 
nq 
26+3 34+2 790 1390 62.4 350 2.4 0.31 1.71 0.35 
28+4 31+4 1400 1430 62.0 359 2.4 Not assessed 2.07 0.37 
25+4 31+6 680 1125 52.7 309 1.7 Not assessed 2.00 0.50 
26+1 30+1 990 1075 51.6 221 1.2 0.34 1.55 0.43 
25+3 27+5 1140 1140 48.7 169 2.3 0.32 1.81 0.52 
25+4 27+5 960 960 46.5 189 1.8 0.36 1.77 0.48 
25+3 27+4 1175 1175 26.0 86 0.9 0 1.51 0.64 
24+5 29 615 770 24.3 65 0.9 0 1.63 0.70 
26+2 36+1 905 2400 23.5 72 1.6 0 1.16 Not assessed 
26+3 32 1000 1430 15.5 56 0.6 0 1.71 0.69 
25+3 27+4 890 890 13.5 46 1.0 0 1.65 0.52 
27+2 31+6 895 1215 12.1 39 1.0 0 1.27 Not assessed 
27+3 29+3 1033 1035 10.4 27 1.0 0 1.13 0.67 
27+5 29+4 975 975 7.9 18 1.1 0 1.14 0.45 
27+5 28+4 1230 1230 6.4 20 Constricted, nq 0 
Not 
assessed 
Constricted, 
nq 
          
Table   4.1.5   ʹEcho   measures:   GA,   cGA,   birth   weight   (BW),   weight   at   scan,   ductal   shunt   volume   values   in  
ml/kg/min  and  as  a  percentage  of   LVO  and   the   corresponding  echo  measures  of   duct  diameter,   regurgitant  
fraction,   LA:Ao   and   ED/Max   flow  measurements   for   individual   PDA   infants.   An   LA:Ao   of   greater   than   1.4   is  
considered  as  a  dilated  left  atrium.  ED/Max  ductal  flow  of  less  than  50%  is  considered  to  show  a  non-­‐restrictive  
duct.  nq  denotes  where  measures  were  observed  but  not  quantified.    
  
  
Table   4.1.6   shows   the   R2   and   p   value   for   the   linear   regression   of   ductal   shunt   volume   (as   a  
percentage   of   LVO)   and   diameter,   LA:Ao   and   ED/max   flow.   Due   to   the   nature   of   the   data   a  
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ƐƉĞĂƌŵĂŶ͛Ɛ ƌĂŶŬĐŽƌƌĞůĂƚŝŽŶǁĂƐƵƐĞĚ ƚŽĂƐƐĞƐƐ ƚŚĞƌĞůĂƚŝŽŶƐŚŝƉďĞƚǁĞĞŶ ƌĞŐƵƌŐŝƚĂŶƚ ĨƌĂĐƚŝŽŶĂŶĚ
ductal  shunt  volume.  Regurgitant  fraction  was  shown  to  be  the  highest  predictive  echo  measure  of  
ductal  flow  with  an  RS  =  0.82.  
  
  R2 P value 
Regurgitant fraction  0.82 NA 
Diameter 0.63 <0.001 
LA:Ao 0.57 0.002 
ED/max flow 0.56 0.004 
  
Table  4.1.6  ʹEcho  measures  and  association  with  ductal  shunt  volume:  R2  and  p  values  for  the  linear  regression  
between  ductal  shunt  volume  as  a  percentage  of  LVO  and  the  four  echo  measures,  regurgitant  fraction,  duct  
diameter,  LA:Ao  and  ED/Max  flow.  
  
4.1.4  Discussion  
In   this   study  a  PC  MRI  protocol   to  quantify   ductal   shunt   volume  and   its   impact  on  distribution  of  
global  systemic  blood  flow  has  been  presented.  To  the  author͛s  knowledge  this  is  the  first  study  of  
any   kind   that   has   accurately   quantified   ductal   shunt   volume   and   the   resultant   systemic   flow   in  
preterm  infants.  In  the  following  subsection  study  considerations,  limitations,  possible  significance  of  
results  and  implications  are  discussed.    
PC  MRI   is   a   highly   validated   technique   for   quantification   of   blood   flow   volume   (Gatehouse   et   al.  
2005)  (Tan  et  al.  2001)  (Varaprasathan  et  al.  2002).  While  not  yet  widely  available   in  the  neonatal  
unit  setting  the  data  in  this  study  demonstrates  that  cardiac  MRI  assessment  of  PDA  is  achievable.  
Out  of  the  450  pilot  and  PC  sequences  only  30  had  to  be  repeated  due  to  subject  motion  or  unstable  
heart  rate.  In  addition  median  (range)  scan  duration  for  pilot  and  all  3  PC  sequences  was  11:19  (7:31  
ʹ   25:15)  minutes   and   analysis   of   each   data   set   performed   off   line   took   between   10-­‐15  minutes.  
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While  not  prohibitive   in  a   research  setting,   (to  establish   the   feasibility  of  quantifying  ductal   shunt  
volume  this  was  acceptable)  this  could  be  considered  too  long  for  clinical  exams  when  compared  to  
echocardiography.    
However,   previous   clinical   trials   to   determine   appropriate  PDA   treatment   approach   have   all   been  
weakened  by  a   limited  ability   to  quantify  PDA  shunt  volume  and   its   impact  on   total   systemic  and  
pulmonary  blood  flow  with  accuracy.  The  inconclusiveness  of  the  previous  clinical  trials  (Bose  et  al.  
2007)   (Laughon   et   al.   2007)   (Wyllie,   2003)   has   not   only   lead   to   the   controversy   over   treatment  
approach  but   shows   that   there   is   no   systematic   data   from  which   to   draw   conclusions.   There   is   a  
need   to   develop   techniques   to   accurately   assess   the   hemodynamic   impact   of   the   duct.   The  
additional  information  and  accuracy  provided  by  PC  MRI  when  quantifying  flow  volumes,  particularly  
in  the  thorax  where  the  echo  imaging  widow  is  limited,  could  be  valuable  when  understanding  the  
cardiovascular   impact  of  prematurity  and  PDA.      Future  analysis  of  PDA  with  both  modalities  could  
provide   a  more   accurate  evaluation  of   the   hemodynamic   significance  of   the   shunt   and   aid   future  
clinical  trials.  
  
Protocol  considerations  and  limitations  
To  perform  cardiac  MRI  successfully  in  the  neonatal  population  requires  an  optimized  approach.  The  
necessity  for  high  spatial  resolution  to  accurately  quantify  flow  in  the  small  and  tortuous  neonatal  
thoracic   vessels   and   multiple   averages   to   preserve   SNR   leads   to   long   scan   times.   The   sequence  
parameters   reported  here  were  optimized   to   keep   scan   duration   to   an   acceptable   length   for   this  
uncooperative  population  whilst  providing  adequate  resolution  and  SNR.    
It  was  found  that  a  slice  thickness  below  4mm  led  to  poor  quality  data  due  to  inadequate  SNR.  The  
curvature  of  the  aorta  and  this  threshold  slice  thickness  required  LVO  to  be  quantified  at  the  level  of  
the  aortic  valve  and  not  at  the  level  of  the  pulmonary  trunk  at  the  same  time  as  upper  body  flow.  
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Likewise  upper  body  flow  was  quantified  in  the  distal  SVC  and  not  the  brachiocephalic,  left  common  
carotid  and  left  subclavian  arteries  or  proximal  SVC.    
Although  good  agreement  was  found  in  initial  Bland-­‐Altman  analysis  of  LVO  and  systemic  flow  (the  
sum  of  SVC  and  DAo),  a  mean  difference  of  -­‐10.6  ml/kg/min  was  observed.    Taking  azygos  flow  into  
account  improved  agreement  between  LVO  and  systemic  flow  dramatically  reducing  this  difference  
(+2.06   ml/kg/min).   This   is   biologically   plausible   since   the   differences   between   the   arterial   and  
venous  vascular  distributions  would  mean  that  flow  in  the  azygos  at  this   level  would  otherwise  be  
counted  twice  (the  flow  is  produced  from  the  arterial  system  within  the  distribution  of  the  DAo,  but  
drains   into   the   distribution   of   the   SVC).   This   is   demonstrated   in   figure   4.1.7   which   shows   the  
morphology   of   the   great   vessel   derived   from   a   4D   PC   MR   sequence   (4D   PC   MRI   in   preterms   is  
discussed  in  chapter  6).    The  azygos  insertion  is  clearly  depicted  directly  proximal  to  the  left  and  right  
innominate  veins.  The  distance  between  this   insertion  and  the  middle  of  the  SVC  plane  (level  with  
the  pulmonary  bifurcation)  was   found  to  be  5.1mm  in  an  875g   infant.  A  slice  thickness  of  4mm  at  
this  level  would  therefore  include  the  azygos  flow.  
A  competing  explanation  to  the  azygos  flow  and  source  of  error  could  be  the  difference  in  LVO  and  
systemic  flow  could  also  be  explained  by  misalignment  of  the  LVO  PC  acquisition.  The  SVC  and  DAo  
are  relatively  straight;  therefore  planning  the  placement  of  the  SVC  and  DAo  PC  acquisitions  to   lie  
orthogonal  to  the  vessel  lumen  in  each  case  was  relatively  easy.  In  comparison,  the  LVO  tract  curves  
into  the  ascending  aorta  and  arch.  This  could  lead  to  partial  volume  effects  and  underestimation  of  
the  true  velocity  and  hence  underestimate  LVO.    ŶĂŶŐůĞŽĨɽbetween  the  mean  vessel  direction  
within   the   slice   and   the   normal   to   the   slice   will   lead   to   a   velocity   measurement   of   the   true  
velocity*cosɽ.   However   this   error   is   small,   6%   at   20°   misalignment.   For   flow  measurements   this  
error  is  compensated  by  the  1/cosɽ  increase  in  apparent  cross-­‐sectional  area.  An  angle  of  ±15-­‐20°  is  
considered   tolerable   as   the   increase   in   vessel   area   is   compensated   for   by   the   increase   in   partial  
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volume  effects  (Gatehouse  et  al.  2005)  (Lotz  et  al.  2002)  (Tang  et  al.  1993).  As  the  PC  slice  thickness  
(4mm)  was  much,  much  less  than  the  radius  of  the  arch  this  error  was  considered  negligible.    
  
It  is  generally  considered  that  3  ʹ  4  complete  voxels  across  the  diameter  of  the  vessel  of  interest  are  
needed   for  accurate   flow  measurement   (Greil  et  al.  2002)   (Hofman  et  al.  1995)   (Lotz  et  al.  2002).  
This  was   also   verified   in   house   on   a   healthy   adult   volunteer,  where   number   of      voxel   across   the  
diameter  ND,  of  the  DAo  was  varied  from  3  to  8  (data  not  included  in  thesis).  The  ND  =  8  was  taken  as  
ƚŚĞ͞ŐŽůĚƐƚĂŶĚĂƌĚ͟ĂŶĚĐŽŵƉĂƌĞĚƚŽƚŚĞŽƚŚĞƌϯĨůŽǁŵĞĂƐƵƌĞŵĞŶƚƐ͕ĂůůŽĨǁŚŝĐŚƌĞŵĂŝŶĞĚďĞůŽǁ
the   10%   clinically   acceptable   error   limit.   Taking   the   lower   acceptable   resolution   limit,   with   the  
ĐƵƌƌĞŶƚƌĞƐŽůƵƚŝŽŶ͕ĨůŽǁǁŝƚŚŝŶĂǀĞƐƐĞůŽĨĚŝĂŵĞƚĞƌшϭ͘ϴŵŵĐĂŶďĞĂĐĐƵƌĂƚĞůǇƋƵĂŶƚŝĨŝĞĚ͘/ŶƐŵĂůůĞƌ
infants  voxel  coverage  of  the  azygos  vein  was  insufficient  (mean  (range)  of  azygos  vein  diameter  2.3  
(1.3  ʹ  3.4)  mm),  potentially  leading  to  inaccuracy  when  quantifying  flow  in  these  smaller  vessels.  As  
the  azygos  flow  contributed  on  average  to  only  5.7%  of  LVO  this  error  was  considered  negligible.  
  
Results  and  possible  significance  
Previously  blood  flow  volumes  through  patent  ducts  have  been  unknown.  In  this  study  the  observed  
ductal  shunt  volume  ranged  between  6.4  ʹ  74.2%  of  LVO  in  the  17  PDA  infants  examined.  Eight  of  
these  infants  had  high  ductal  shunting  (defined  as  greater  than  45%  of  LVO)  from  the  systemic  to  the  
pulmonary   circulation.  With   this   volume   of   steal   from   the   systemic   blood   flow,   upper   and   lower  
body  flow  volumes  were  expected  to  be  significantly  diminished  in  these  infants.  Treatment  is  often  
carried   out   due   to   this   assumption   that   systemic   perfusion   is   reduced   (Agarwal   et   al.   2007).  
However,  quantification  of  global  flow  distribution  showed  that  in  all  subjects  the  upper  body  flow,  
and  in  the  majority  of  PDA  infants  the  lower  body  flow  were  within  or  above  the  normal  range  even  
in  the  presence  of  high  volume  ductal  shunt  (up  to  74.2%  of  LVO)  (figure  4.1.10b).    
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The   preservation   of   upper   body   flow   in   all   PDA   infants   could   support   the   suggestion   that   forced  
closure  of  the  duct  with  the  aim  of  maintaining  cerebral  perfusion  may  be  unfounded  (Shimada  et  al.  
1994).  The  majority  of  PDA  infants  remained  within  the  lower  body  flow  normal  range,  2  of  the  17  
PDA  infants  had   lower  body  flow  below  the  population  normal  range  (2   lay   just  on  the   lower  95%  
confidence  limit).  This  could  be  seen  as  potentially  supporting  the  hypothesis  that  ductal  steal  occurs  
predominantly   from  the   lower   rather   than   the  upper  body  circulation   (Groves  et  al.  2008a).   Since  
PDA  is  associated  with  the  risk  of  NEC,  decreased  DAo  flow  below  the  normal  range  may  be  clinically  
significant,  and  could  support  a  strategy  of  clinical   intervention  to  close  a  PDA  and  preserve   lower  
body   flow.  However,  none  of   the   infants  with  PDA   in   this  study  developed  NEC  and   from  multiple  
linear   regression  analysis   (appendix  4.1)   there  was  no   significant  difference  between  upper/lower  
flow  ratio  in  infants  with  and  without  PDA.  This  highlights  that  the  association  between  NEC  and  PDA  
is  complex  and  multifactorial.    
While  the  majority  of  PDA  infants   lie  within  the  population  range  for  systemic  blood  flow,  multiple  
linear   regressions   correcting   for   gestational   age   did   show   significant   associations   between   both  
decreased  upper  and  lower  body  flow  volume  and  ductal  patency  (graphs  shown  in  appendix  4.1).  
However   it   is  still  unclear  how  this  tendency  of  patent  ducts  to  decrease  global  blood  flow  effects  
regional   blood   flow   distribution.   Abdominal   regional   blood   flow   in   the   presence   of   a   PDA   is  
investigated  in  the  following  subsection.  The  final  subsection  then  presents  cerebral  flow  data  in  5  
infants   and   discusses   feasibility   of   this   protocol   in   this   cohort.   It   is   important   to   note   that   the  
reduction   in  upper  and  lower  body  flow  is  only  apparent  from  the  multiple   linear  regression  trend  
and  not  when  observing  the  majority  of  PDA  infants  in  isolation.  From  flow  values  alone  the  majority  
of  PDA  infants  could  not  be  distinguished  from  controls.  Various  studies  have  indicated  that  around  
64%  of   PDA   infants  may   be   treated   unnecessarily   (Wyllie,   2003).   Considering   the   risks   of   surgical  
ligation   and   toxic  medication   employed   for   the   treatment   of   PDA,   this   data   suggests   that   forced  
closure  of  the  duct  to  prevent  systemic  hypo-­‐perfusion  in  the  infants  within  this  study  (all  of  which  
had  good  short  term  outcomes)  would  have  been  unnecessary.      
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It  is  clear  that  maintaining  systemic  flow  in  the  presence  of  duct  requires  significantly  increased  LVO;  
this  was  also  shown  in  Shimada  et  al.  1994.  In  the  majority  of  PDA  infants  the  heart  is  able  to  mount  
an   increase   in   SV   to   compensate   for   the   ductal   shunt   volume   and   consequent   systemic   steal.  
Whether  this  is  an  active  response  predominantly  due  to  an  increase  in  heart  rate,  or  whether  this  is  
simply   a   result   of   the   increased   preload   from   the   extra   shunt   volume   that   causes   the   heart   to  
contract  more  forcefully  due  to  the  Frank-­‐Starling  mechanism  is  not  clear  from  the  data  presented  in  
this  chapter.    This  increase  in  LVO  will  likely  be  associated  with  increased  workload  on  the  heart  and  
the   potential   for   pathological   ventricular   remodeling   (Baylen   et   al.   1975)   (Baylen   et   al.   1977)  
(Lewandowski  et  al.  2012).  From  visual  analysis  hearts  seemed  enlarged  in  PDA  infants;  the  impact  
of  ductal  shunting  on  left  ventricular  mass  and  cardiac  function  is  investigated  in  chapter  5.    
The   presence   of   a   PDA   has   also   been   associated   with   poor   respiratory   outcome,   pulmonary  
hemorrhaging   and   pulmonary   hyper-­‐perfusion   (Agarwal   et   al.   2007)   (Laughon   et   al.   2007).      The  
volume   of   steal   from   the   systemic   circulation   will   cumulatively   increase   the   pulmonary   flow,  
potentially  worsening  respiratory   function  and   increase  the  risk  of  pulmonary  pathologies.  Yet   the  
exact   amount   of   blood   entering   the   lungs   with   the   additional   shunt   volume   and   relation   to  
respiratory  outcome  is  unknown.    Efforts  were  made  to  measure  blood  flow  in  the  pulmonary  trunk,  
right  and  left  pulmonary  arteries  in  the  presence  and  absence  of  a  PDA  from  PC  MRI.  Yet  the  small  
size  and  curvature  of   these  vessels   lead  to  partial  volume  errors  and  poor   image  quality  (data  not  
included   in   this   thesis),   consequently   quantification   of   pulmonary   flow   was   not   validated   in   this  
cohort.  A  preliminary  study  to  assess  total  pulmonary  blood  flow  from  SSFP  stack  analysis  (chapter  5)  
of  the  right  ventricular  output  (RVO)  was  carried  out  and  presented  in  chapter  5.  Pulmonary  flow  in  
the  presence  of  a  PDA  was  inferred  from  the  summation  of  RVO  and  ductal  shunt  volume  and  was  
shown  to  be  significantly  increased  in  PDA  infants.  However,  Bland-­‐Altman  analysis  of  LVO  and  RVO  
from  stack  analysis   in  control   infants  showed  relatively  poor  agreement  and  it  was  concluded  that  
improved   spatial   resolution   and/or   stack   orientation   is   needed   to   accurately   quantify   right  
ventricular  volume  and  therefore  RVO  and  pulmonary  flow  (see  chapter  5  for  full  details).  Although  
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pulmonary  flow  is  increased  in  PDA  infants  more  work  is  needed  to  understand  the  association  with  
respiratory  outcome.  This   is  an   interesting  area   for   future  work  and   is  discussed   in  more  detail   in  
chapter  8.    
Currently  MRI  assessment  of  PDA   is  not  possible   in  most  neonatal  units;   therefore  the  correlation  
between   ductal   shunt   volume   (as   measured   by   PC   MRI)   and   4   echocardiography   measures  
commonly  used  to  assess  clinical  significance  of  the  PDA  was  evaluated.  All  4  measures  show  good  
correlation   with   ductal   shunt   volume.      DAo   regurgitant   fraction   was   found   to   have   the   highest  
correlation  with  ductal   flow.     Due  to  the   large  observer  dependency   in  echo  measurements   in  the  
absence  of  MRI  data  a  complete  assessment  of  the  duct  involving  all  4  echo  measures  and  not  just  
ductal   diameter   could   be   used   to   assess   ductal   shunt   volume.   However,   as   shown   in   the   above  
results   a   large   shunt   volume   may   not   be   a   determinate   of   aberrant   systemic   blood   flow   or  
pathology.   Future   systematic   outcome   related   trials   combining   echocardiographic   and   MRI  
assessment   would   be   needed   in   order   to   explore   possible   associations   between   ductal   shunt  
volume,  treatment  and  outcome.  
  
Limitations  of  the  cohort  
This  study  has  two  significant  limitations.  Firstly  a  relatively  small  number  of  infants  with  PDA  were  
studied.   Although   data   has   been   presented   suggesting   that   a   high   volume   ductal   shunt  may   not  
always  cause  systemic  hypo-­‐perfusion,  multiple  linear  regression  analysis  showed  that  ductal  shunt  
volume   was   correlated   with   a   significant   decrease   in   upper   body   flow   when   correcting   for  
gestational   age.   Therefore   abnormal   volumes   of   systemic   and   upper   body   flow   in   other   infants  
cannot  be  rule  out.    
  Secondly  all  the  PDA  infants  within  this  study  were  imaged  at  a  time  of  clinical  stability  outside  the  
transitional  period.  It  may  be  that  at  other  time  points,  particularly  in  the  first  few  days  of  life  during  
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the   circulatory   transition   where   dramatic   changes   occur   in   preload   conditions,   myocardial  
contractility  and  systemic  and  pulmonary  vascular  resistance,  the  volume  of  systemic  blood  flow  is  
further   compromised   by   ductal   shunt.   This   data   therefore   cannot   be   used   to   infer   the   potential  
impact  of  intervention  to  reduce  ductal  shunt  volume  in  the  first  postnatal  days.  
  
4.1.5  Conclusion  
In  summary  PC  MRI  can  be  used  to  accurately  quantify  the  volume  of  ductal  shunt  and  its  impact  on  
global  systemic  blood  flow  distribution   in  neonates  with  high  repeatability.  This  protocol   indirectly  
quantifies   ductal   shunt   volume   and   systemic   blood   flow   in   preterm   and   term   infants   from  
measurements  of  left  ventricular  output  and  descending  aortic  and  superior  vena  caval  flow.  Initial  
data  suggest  that  even  in  the  presence  of  high  ductal  shunt  volume,  upper  body  blood  flow  may  be  
relatively  maintained  in  infants  outside  the  transitional  period.  Due  to  the  improved  repeatability  in  
flow  measurements,  minimal  observer  dependency  and  good  agreement  between  systemic  and  LVO  
flow  this  PC  MRI  technique  could  be  used  in  the  future  to  facilitate  trials  of  targeted  intervention  to  
close   a   PDA.   The   effectiveness   of   forced   closure   via   medication   is   still   debatable   (Wyllie,   2003).  
Performing   a   power   analysis   with   95%   confidence   interval   and   false   negative   rate   of   5%,   the  
minimum  number  of  infants  needed  to  detect  a  30%  decrease  in  shunt  volume  post  intervention  in  
infants   with   high   ductal   shunting   (above   33%   of   LVO)   would   be   18   in   both   the   intervention   and  
placebo  groups.  This  is  a  clinically  feasible  number  of  infants  and  would  provide  valuable  information  
on  the  effectiveness  of  forced  closure  by  medication.  
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4.2  Quantification  of  Abdominal  Blood  Flow  Distribution  in  Infants  with  and  without  PDA  
4.2.1  Introduction    
NEC   is   one   of   the   most   common   gastrointestinal   conditions   that   is   primarily   present   in   preterm  
infants.   Incidence   rates   are   inversely   related   to   birth  weight   and   gestational   age,   affecting   9%   of  
infants  with  birth  weight  between  751-­‐1000g  with  mortality  rates  ranging  from  15-­‐30%  of  case  (Lin  
et  al.  2006).     NEC  can  occur  anywhere   in  the  gastrointestinal  tract  but   is  most  commonly  found  in  
the  small  intestine  and  can  be  difficult  to  treat  (Lin  et  al.  2006).    
The  pathogenesis  of  NEC  remains  unclear  but  it   is  widely  accepted  that  it   is  the  death  of  intestinal  
tissue   caused   by  mucosal   injury.   It   is   suggested   that   in   stressed   preterm   infants   redistribution   of  
cardiac  output  can  occur  to  maintain  sufficient  blood  flow  to  the  vital  organs  such  as  the  brain  and  
kidneys  causing  diminished  perfusion  to  intestinal  mucosa.  Blood  flow  to  the  intestine  between  the  
2nd  part  of  the  duodenum  and  the  transverse  colon  is  supplied  primarily  by  the  Superior  Mesenteric  
Artery  (SMA)  (figure  4.2.1).    
There  have  been  many  studies  to  investigate  the  onset  of  the  disease  but  the  principal   reasons  are  
thought  to  be  structural  immaturity  of  the  bowel  wall  and  ischemia  (Cheromcha  et  al.  1988).  Many  
studies  have  also  looked  into  the  correlation  between  incidence  of  NEC  and  PDA  (Cheromcha  et  al.  
1988)   in   preterm   and   term   infants.   These   studies   have   shown   that   the   presence   of   PDA   is   a   risk  
factor  for  developing  NEC.  It   is  thought  that  preferential  steal  during  diastole  causes  blood  to  flow  
from  the  mesenteric  arteries  back  into  the  aorta  and  through  the  PDA,  creating  an  intestinal  hypo-­‐
perfusion  state,  thus  compromising  the  gut  diastolic  blood  flow  (Dollberg  et  al.  2005).    
Several  ultrasound  studies  have  evaluated  the  peak  blood  flow  velocity   in   the  SMA   in   infants  with  
NEC   and   infants   who   were   suspected   of   developing   NEC   and   have   shown   that   SMA   velocity   is  
increased  after  the  development  of  symptoms  of  necrotising  enterocolitis,  suggesting  that  total  gut  
ischaemia  is  not  present  at  the  time  that  the  disease  is  clinically  apparent,  although  it  may  precede  
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the  onset  of   symptoms  and  play  a  part   in   the  pathogenesis  of   the  disorder   (Kempley  et  al.  1992).  
These   somewhat   contradicting   results   illustrate   the   multifactorial   nature   of   NEC   and   add   to   the  
debate  whether  PDA  is  causal  or  casual  in  this  pathology.  
  
  
Figure  4.2.1  ʹThe  principal  veins  and  arteries  that  supply  the  intestine:  The  SMA  supplies  the  intestine  from  the  
lower   part   of   the   duodenum   through   2/3   of   the   transverse   colon   as   well   as   the   pancreas.  
http://home.comcast.net/~wnor/sup&infmesentericart.htm  
  
Objective  
Echocardiographic  techniques  can  estimate  volume  of  SMA  flow  (Van  Bel  et  al.  1990),  however  these  
measures  have  not  yet  been  validated  and  are  limited  by  the  acquisition  due  to  air  spaces  in  the  gut  
(Taylor,  1990).  The  aim  of  this  study  was  to  assess  the  feasibility  of  performing  PC  MRI  assessments  
of  abdominal  visceral  blood  flow  in  newborn  preterm  infants.  To  then  establish  a  normative  range  in  
healthy   preterm   infants   and   to   potentially   provide  more   insight   into   the   hemodynamic   effects   of  
PDA  on  abdominal  flow.    
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4.2.2  Patients  and  Methods  
The  study  was  approved  by  the  North  West  London  Research  Ethics  Committee  (06/Q0406/137)  and  
written  informed  parental  consent  was  obtained  in  all  cases.    
  
Study  cohort    
In   this   initial   study   28   infants   with   median   (range)   gestation   32+2(24   ʹ   37+6)   weeks,   corrected  
gestation  at   scan  34+2(27+4  ʹ   40)  weeks,  birth  weight  1750(560  ʹ   2800)   grams  and  weight   at   scan  
1850(745-­‐2800)  grams  were  scanned.   Infants  were  scanned  with  the  same  routine  monitoring  and  
ear   protection   as   outlined   in   the   previous   section.  No   respiratory   compensation   techniques  were  
used.   Twelve   infants   required   low   flow   supplemental   oxygen   or   nasal   continuous   positive   airway  
pressure  via  an  MR  compatible  system  but  all   infants  were  stable  and  tolerating   full  enteral   feeds  
during  the  scan.  None  of   the   infants  were  mechanically  ventilated  during  the  scan.     There  was  no  
incidence  of  NEC  and  none  of  the  infants  were  treated  for  prolonged  PDA.  
  
PC  MRI  Acquisition    
Data  was  acquired  on  a  Philips  3-­‐Tesla  MR  Achieva  scanner  (Best,  Netherlands)  using  a  specialised  8  
channel   pediatric   body   receive   coil   for   infants   above   2kg   and   a   small   extremity   receive   coil   for  
infants   below   2kg.   Three   2D   PC   MR   retrospectively   gated   sequences   with   spatial   resolution   =  
0.6x0.6mm,  slice  thickness  =  4mm,  TR/TE  =  5.9/3.1ms  and  NSA  =3  were  used  to  quantify  volume  of  
flow  in  the  DAo  proximal  to  the  celiac  plexus  at  the  level  of  the  diaphragm  (total  lower  body  flow),  in  
the  abdominal  DAo  distal  to  the  renal  arteries  (distal  DAo)  and   in  the  proximal  SMA  (figure  4.2.2).  
Table  4.2.1  shows  the  scan  parameters  for  the  SMA  and  Distal  DAo  PC  sequences.  A  pilot  angiogram  
was  used   to  plan   the   location  of   the  PC   sequences.  VENC  was   calibrated  as  ±120-­‐150cms-­‐1,   ±120-­‐
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150cms-­‐1   and  ±80-­‐100cms-­‐1   for   the  DAo,  DAo  distal   and  SMA  sequences   respectively.   Lower  body  
flow  was  taken  to  be  the  flow  in  the  DAo  at  the  level  of  the  diaphragm.  Intestinal  flow  was  taken  as  
SMA  flow,  visceral  non  SMA  (VnonSMA)  flow  (celiac  plexus  plus  inferior  mesenteric  and  renal  artery  
flow)  was   taken   as   proximal   DAo   -­‐   SMA   -­‐   distal   DAo   flow.   Acquisition   time   ranged   between   1-­‐4  
minutes  depending  on  HR  variability.  
  
  
Figure  4.2.2  ʹ  Study  design:  PC  MRI  sequence  to  quantify  Lower  blood  flow,  Intestinal  blood  flow  and  distal  DAo  
flow   volume.      Angiography   of   the   abdominal   arteries   in   a   1.5kg   infant:   shows   slice   location   of   all   three  
sequences.  
  
  
  
Scan 
spatial 
resolution 
(mm) 
cardiac 
phases 
FOV 
(mm) 
Slice 
thickness 
(mm) 
TR/TE 
(ms) 
flip 
angle 
(degree
s) 
PE 
direction NSA 
VENC 
cm/s 
scan 
duration 
(mins) 
SMA 0.6x0.6 20 80-100 4 5.9/3.1 10 AP 3 80-100 1-4 
Distal 
DAo 0.6x0.6 20 80-100 4 5.9/3.1 10 AP 3 120-150 1-4 
 
Table  4.2.1  Abdominal  2D  PC  MRI  scan  parameters.    
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Data  processing    
  As  in  the  previous  study,  sequence  analysis  and  flow  volume  quantification  for  the  PC  datasets  was  
performed  using  a  commercial  workstation   (Philips  ViewForum).  Automated  vessel  edge  detection  
was  used   for  all  vessels  of   interest,  with  manual  correction  where  necessary.  Once  defined   in   the  
first   cardiac   phase   the   software   tracks   the   vessel   of   interest   over   the   cardiac   cycle   using   edge  
detection  algorithms.  Flow   is   then  calculated  at  each  time  point  of   the  cardiac  cycle,  generating  a  
flow  curve  and  volume  of  flow  value  for  each  vessel  of  interest.  
  
Statistical  analysis  
Bland-­‐Altman  analysis  was  carried  out  on  scan  re-­‐scan  of  the  SMA  with  spatial  resolution  0.6mm  in  
10  infants  to  assess  the  repeatability  of  the  quantification  of  the  intestinal  blood  flow  volume  in  the  
small  SMA  vessel.    Pilot  angiograms  and  PC  sequences  were  repeated  within  the  same  scan  session  5  
or  more  minutes  apart.  Analysis  was  carried  out  by  a  single  observer.  Mean  difference  of  measures,  
loa  and  RI  were  calculated.  
Corrected   gestational   age   was   plotted   against   DAo,   SMA   and   VnonSMA   to   establish   normative  
ranges   in   control   infants   and   to  assess   impact  of  PDA  on   regional   flow  volume  distribution   in   the  
preliminary  data.    
  
4.2.3  Results  
Bland-­‐Altman  analysis  of  SMA  scan  re-­‐scan  measurements   in  10  infants  with  a  spatial  resolution  of  
0.6mm   (median   (range)   gestational   age   33(25+3   ʹ   35+4)   weeks,   cGA   35+6(27+4   ʹ   40)   weeks,   birth  
weight  1770(695  ʹ  2420)  grams  and  weight  at  scan  1860(900  ʹ  2416)  grams)  gave  loa  =  -­‐8.1  to  +6.4  
ml/kg/min,  mean  difference  of  -­‐0.9  ml/kg/min  and  RI  24.7%  (Figure  4.2.3).    
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Figure   4.2.3   ʹ   Bland-­‐Altman   repeatability   analysis:   Scan   re-­‐scan   of   PC   MRI   SMA   sequence   in   10   infants.  
Tramlines  show  loa  and  mean  difference.    
  
Infants  without  ductal  shunting  
Twenty   four   infants   (median   (range)   gestational   age   33(24-­‐37+6)   weeks,   cGA   34+4(27+4-­‐40)   weeks,  
birth  weight  1795(560  ʹ  2800)  grams  and  weight  at  scan  194(745  ʹ  2800)  grams)  had  closure  of  the  
arterial  duct  confirmed  by  echocardiography.      
  
Infants  with  ductal  shunting  
Four  of  the  infants  scanned  (median  (range)  GA  25+4  (25+3  ʹ  28+4)  weeks,  cGA  27+5(27+4  ʹ  31+4)  weeks,  
birth   weight   1070(805   ʹ   1400)   grams   and   weight   at   scan   1070(805   ʹ   1430)   grams)   had   PDA   as  
determined  by  echo  with  a  shunt  volume  ranging  from  16-­‐62%  of  LVO  as  measured  by  PC  MRI  from  
the  previous  study.    
Two   PDA   infants   had   lower   body   flow   below   the   population   range   (figure   4.2.4a)   (both   1.99   SD  
below   the  mean).  Despite   this   all   infants  with  PDA  had  SMA   flow  values  within   the  normal   range  
(figure4.2.4b).  One  of   the  PDA   infants  had  visceral  non  SMA   flow  well  below  the  normative   range  
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(3.25  SD  below  the  mean).  All   the   sequences  were  acquired   in  all  but  1  of   the  4  PDA   infants,   this  
infant  woke  up  and  consequently  the  Distal  Dao  sequence  was  not  acquired.  This  meant  that  visceral  
non  SMA  could  not  be  calculated  for  this  infant.    
  
    
  
Figure  4.2.4  ʹ  Normative  ranges:  a:  total  lower  body,  b:  SMA  and  c:  visceral  non  SMA  blood  flow  correcting  for  
cGA  in  28  infants  with  (෽)  and  without  (+)  PDA.  The  3rd  Distal  DAo  sequence  was  not  acquired  in  the  final  PDA  
infant  as  the  child  woke  up  during  the  acquisition.  
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4.2.4  Discussion  
Abdominal  blood  flow  ranges  in  preterm  infants  and  impact  of  PDA  on  flow  have  not  been  defined  
with  accuracy.  PDA  has  been  associated  with  NEC  principally  due  to  the  suggestion  that  high  ductal  
shunting  leads  to  reduced  systemic  perfusion.  Yet  the  pathogenesis  of  NEC  is  multifactorial,  whether  
this   correlation   is   causal   or   casual   is   unknown.   In   this   initial   study   a   PC  MRI   protocol   to   quantify  
abdominal  flow  in  the  absence  and  presence  of  ductal  shunting  was  presented.  The  effect  of  PDA  on  
this  regional  blood  flow  distribution  in  preterm  and  term  infants  was  assessed  in  a  small  number  of  
stable   infants  outside   the   transitional  period.   The  discussion  presented  here   aims   to   consider   the  
initial  results  and  assess  feasibility  of  SMA  quantification  with  PC  MRI.  
  
Repeatability  analysis  and  protocol  limitations  
Bland-­‐Altman   repeatability   analysis   of   scan   re-­‐scan   SMA   measurements   showed   a   moderate  
agreement  with   loa   -­‐8.1   to   +6.4  ml/kg/min,  mean   difference   of   -­‐0.9  ml/kg/min   and   RI   of   24.7%.  
However   this   is   clearly   less   robust   than   flow  quantification   in   the   larger   SVC,  DAo   and   aorta   in   a  
similar  cohort  of  infants.    With  the  current  spatial  resolution  of  0.6mm  the  average  (range)  number  
of  voxels  across  the  diameter  of   the  SMA  was  3.9(3  ʹ  5.1),  potentially   leading  to   inaccuracy  when  
quantifying  SMA  flow  in  the  smaller  ŝŶĨĂŶƚ͛Ɛvessels.  However,  no  inverse  linear  trend  was  observed  
when   plotting   number   of   voxels   across   diameter   of   vessel   against   absolute   difference   in   the   2  
measures  (data  not  included  in  thesis).  
A  proportion  of  the  variability  seen  in  the  scan  re-­‐scan  flow  quantification  may  be  related  to  genuine  
physiological   variation   as   opposed   to  measurement   error   due   to   the   relation   between   intestinal  
blood  flow  and  food  intake.  Intestinal  blood  flow  in  adults  has  been  shown  to  increase  significantly  
after   feeding,  DAo  and  SMA   flow  were   seen   to   increase  by  30%  and   200%  20  minutes   after   food  
intake  (Wieben  et  al.  2013).  The  response  to  feeding  has  also  been  shown  to  be  associated  with  type  
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of  food;  increase  in  intestinal  blood  flow  can  vary  from  30-­‐130%  from  baseline  depending  on  type  of  
food  (Taylor,  1990).  Whether  the  same  response  is  seen  in  preterm  infants  is  unknown.    All  infants  
were  fed  before  the  scan  as  part  of  the  scan  preparation  (Merchant  et  al.  2009).  Repeated  PC  MRI  
Scans  were  performed  5  or  more  minutes  apart,  this  may  account  for  some  of  the  variation  seen  in  
the  Bland-­‐Altman  analysis.    
  
Results,  possible  significance    
In  this  initial  study  a  relatively  small  number  of  PDA  infants  was  studied  all  of  whom  were  stable  and  
outside  the  transitional  period.  Although  two  of  the  PDA  infants  had  total   lower  body  flow  on  the  
lower  95%  confidence  limit,  SMA  flow  was  maintained  in  all  PDA  infants  even  in  the  presence  of  high  
ductal   shunt   volume   (up   to   62%  of   LVO).      From   this   and   the   previous   study,   results   indicate   that  
global  and  regional  flow  can  be  maintained  even  in  the  presence  of  a  high  shunt  volume  in  preterm  
and  term  infants  with  PDA.  This  highlights  the  complex  association  between  PDA  and  NEC.  The  high  
incidence   of   NEC   in   PDA   infants   could   in   part   be   due   to   the   fact   that   incidence   and   prolonged  
patency   of   the   ductus   arteriosus   are   inversely   related   to   gestational   age   (Wyllie,   2003).   The  
immature  intestinal  wall  in  the  preterm  infant  that  is  required  to  function  as  its  term  counterpart  for  
food  uptake  is  also  thought  to  be  a  factor  in  the  pathogenesis  of  NEC  (Cheromcha  et  al.  1988).  Both  
NEC  and  PDA  could  be  a  result  of,  and  exacerbated  by  prematurity.    
  
Cohort  limitations  
The   potential   dependency   on   time   after   feed   mentioned   above   may   also   impact   on   the   normal  
ranges.  All  infants  were  fed  before  the  scan,  the  type  and  amount  of  feed  was  variable.  Although  the  
PC  MRI  acquisitions  were  acquired  around  the  same  time  from  the  start  of  the  MRI  examination  the  
time   to   settle   the   infant   before   the   scan   varied.   The   data   presented   here  was   not   a   longitudinal  
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study  and  represents  blood  flow  at  one  time  in  point  per  individual.  Potential  variation  or  widening  
of  the  normal  ranges  may  arise  due  to  the  response  of  intestinal  blood  flow  to  food  intake.    
As  there  are   few  ultrasound  SMA  flow  studies   (Coombs  et  al.  1990)   (Kempley  et  al.  1992)   (Taylor,  
1990)  and  none  have  been  validated   it   is  unknown  whether   the  PC  scan  repeatability   is  a  marked  
improvement   on   echo   values.   However   measurements   of   SMA   flow   using   ultrasound   are  
problematic.  Due   to  air   spaces  within   the  gut  Van  Bel  et  al.  1990  measured  SMA  blood   flow  with  
velocity  and  area  measurements  taken  at  different  locations  along  the  SMA;  this  would  have  led  to  
inaccuracies  in  flow  calculation.  PC  MRI  has  the  potential  to  quantify  abdominal  flow  distribution  in  
preterm   infants   and   provide   valuable   additional   information   on   intestinal   blood   flow.   Potentially,  
with  accurate  visceral  flow  measurements,  the  role  of  ischemia  in  the  pathogenesis  of  NEC  could  be  
established.    
  
4.2.5  Conclusion    
In   summary  a  2D  PC  MRI  protocol   to  quantify   and  assess  distribution  of   abdominal   blood   flow   in  
preterm   and   term   infants   was   presented.   The   impact   of   PDA   on   intestinal   blood   flow   was   then  
investigated.  The  initial  results  from  4  PDA  infants  show  that  intestinal  blood  flow  was  maintained,  
even   in   the  presence  of  a   large  ductal   shunt  volume.  The   inconclusiveness  of   the  previous  clinical  
trials  (Bose  et  al.  2007)  (Laughon  et  al.  2007)  (Wyllie,  2003)  shows  that  there  is  no  systematic  data  
from  which  to  draw  conclusions.  With  the  additional  information  provided  by  PC  MRI  techniques  the  
association   between   ductal   shunt   volume,   global   and   regional   blood   flow   hemodynamics   and  
resultant  pathologies  seen  in  this  cohort  may  be  investigated.    Further  acquisition  of  data  accounting  
for   different   feeding   regimes   is   needed   to   accurately   establish   if   a   trend   exists   between   shunt  
volume   and   decreased   intestinal   flow.   This   study   demonstrates   that   quantification   of   abdominal  
blood  flow  and  distribution  of  this  flow  is  feasible  in  the  preterm  population.  A  normative  range  for  
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this  cohort  has  been  established  and  initial  data  suggesting  intestinal  flow  can  be  maintained  in  the  
presence  of  high  shunt  volume  has  been  presented.  
  
  
4.3  Quantification  of  Cerebral  Blood  Flow  in  Neonates  
  
4.3.1  Introduction  
Adverse  neurodevelopmental  outcome  is  common  in  the  preterm  infant  population  (Mangham  et  al.  
2009).  The  left  and  right  internal  carotid  and  basilar  arteries  supply  cerebral  blood  flow.  Insufficient  
or  alterations  in  cerebral  blood  flow  (CBF)  due  to  the  immature  preterm  cardiovascular  system,  are  
considered   to   play   a   major   role   in   neurological   development   and   subsequent   neurological  
pathologies  (Volpe,  1997).   It   is  thought  that  systemic  hypo-­‐perfusion  caused  from  large  PDA  shunt  
volumes  has  a  negative  effect  on  cerebral  perfusion  and  may   lead  to   injury   in  the   immature  brain  
(Lemmers  et  al.  2008)  (Sasi  et  al.  2011).  
Although  upper  body  flow  was  quantified  and  shown  to  remain  within  the  normal  range  for  all  PDA  
infants   studied   multiple   linear   regressions   correcting   for   gestational   age   did   show   significant  
associations  between  decreased  upper  body  flow  volume  and  ductal  patency.  It  is  still  unclear  how  
this  tendency  of  patent  ducts  to  decrease  global  blood  flow  effects  regional  blood  flow  distribution.  
CBF   measurements   in   preterm   infants   are   rare   in   the   clinical   practice   and   most   studies   present  
ultrasound  based  methods   to  quantify  CBF  volume   in  neonates   (Ehehalt  et  al.  2005)   (Varela  et  al.  
2012).   However,   these   can   be   prone   to   error   and   in   general   have   poor   repeatability   due   to   the  
difficult   imaging  window   brought   about   by   the   location   of   the   left   and   right   internal   carotid   and  
basilar  arteries  within  the  skull  (Gill  et  al.  1985).  Accurate  CBF  assessment  requires  robust  blood  flow  
volume  and  brain   volume  measurements.   Blood   flow  measurements   are   the  most   problematic  of  
the  2  due  to  the  small  calibre  of  the  vessels  supplying  the  brain.  PC  MRI  combined  with  anatomical  
134  
  
MRI  brain  volume  measurements  has  previously  been  used  to  quantify  CBF   in  neonates,  this  same  
protocol  was   shown   to  be  accurate  and   reproducible   in   adults   (Varela  et   al.   2012).  However,   this  
protocol  was  not  validated   in   infants.  Accurate  observations  of  cerebral  blood  flow   in   infants  with  
PDA  could  provide  insight  into  the  association  with  adverse  neurodevelopmental  outcome.    
  
Objectives  
The   aim   of   this   study   was   to   assess   the   feasibility   of   quantifying   blood   flow   within   the   internal  
carotid   and   basilar   arteries   to   aid   in   the   quantification   of   CBF  measurements   in   preterm   infants.  
Initial  data  was  collected  in  5  infants  and  initial  results  are  presented  below.  
  
  
4.3.2  Patients  and  Methods  
Study  cohort  
Five   preterm   and   term   infants   with   median(range)   GA   33+6(30+4   ʹ   37+4)   weeks,   cGA   38(31   ʹ   43)  
weeks,   birth   weight   1450(810   ʹ   3490)   grams   and   weight   at   scan   2680(875   ʹ   4550)   grams   were  
scanned.  Infants  were  scanned  with  the  same  routine  monitoring  and  ear  protection  as  outlined  in  
the  above.  No  respiratory  compensation  techniques  were  used.      
  
PC  MRI  Acquisition    
Data  was  acquired  on  a  Philips  3-­‐Tesla  MR  Achieva  scanner  (Best,  Netherlands)  using  a  specialised  8  
channel   pediatric   body   receive   coil   for   infants   above   2kg   and   a   small   extremity   receive   coil   for  
infants  below  2kg.  A  single  PC  MR  sequence  with  spatial  resolution  0.4x0.4mm,  slice  thickness  4mm,  
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TR/TE  and  NSA  =  3  was  used   to  quantify  blood   flow  within   the   left   and   right   internal   carotid   and  
basilar  arteries.  It  was  assumed  that  blood  to  the  brain  is  supplied  via  these  3  arteries  (Varela  et  al.  
2012).  A  pilot  angiogram  was  used  to  plan  the  location  of  the  PC  sequences  (figure  4.3.1).  VENC  was  
calibrated   as   ±80cms-­‐1   this   value   was   chosen   from   previous   PC   blood   flow   measurements   in  
neonates  (Varela  et  al.  2012).  The  previous  study  by  Varela  et  al  (2012)  employed  the  same  PC  MRI  
protocol   but   with   inplane   spatial   resolution   0.6x0.6.   From   the   abdominal   flow   study   presented  
previously  it  was  felt  that  a  spatial  resolution  of  0.4x0.4  was  appropriate  in  the  smaller  infants  in  this  
study.  Table  4.3.1  shows  the  scan  parameters  for  the  2D  PC  MRI  to  quantify  cerebral  blood  flow.  
  
  
Figure   4.3.1   ʹ   Quantification   of   cerebral   flow:   Angiogram   of   the   left   and   right   internal   carotid   and   basilar  
arteries   in  a  preterm  infant.  Yellow  (centre)  and  red  (edge)   lines  show  the  placement  of  a  4mm  thick  PC  MRI  
sequence.    
  
Scan 
spatial 
resolutio
n (mm) 
cardiac 
phases 
FOV 
(mm) 
Slice 
thickness 
(mm) 
TR/TE 
(ms) 
flip 
angle 
(degre
es) 
PE 
direction NSA 
VENC 
cm/s 
scan 
duratio
n 
(mins) 
cerebral 0.4x0.4 20 80-90 4 6.1/3.1 10 AP 3 80 2-5 
 
Table  4.3.1  Cerebral  2D  PC  MRI  scan  parameters.  
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Data  processing    
  As   in   the  previous  studies  presented  above,  sequence  analysis  and  flow  volume  quantification   for  
the   PC   datasets  was   performed   using   a   commercial  workstation   (Philips   ViewForum).   Automated  
vessel  edge  detection  was  used  for  all  vessels  of  interest,  with  manual  correction  where  necessary.  
Once  defined   in   the   first   cardiac  phase   the   software   tracks   the  vessel  of   interest  over   the  cardiac  
cycle  using  edge  detection  algorithms.  Flow  is  then  calculated  at  each  time  point  of  the  cardiac  cycle,  
generating  a  flow  curve  and  volume  of  flow  value  for  each  vessel  of  interest.  
  
Statistical  analysis  
Bland-­‐Altman   analysis   was   carried   out   on   scan   re-­‐scan   to   assess   the   repeatability   of   the  
quantification  of  the  cerebral  blood  flow  volume.    Pilot  angiograms  and  PC  sequences  were  repeated  
within  the  same  scan  session  5  or  more  minutes  apart.  Analysis  was  carried  out  by  a  single  observer.  
Mean  difference  of  measures,  loa  and  RI  were  calculated.  
  
4.3.3  Results  
Mean   flow  volume,   loa,  mean  difference  and  RI   for   the   scan   re  scan  Bland-­‐Altman  analysis  of   the  
right  and  left  internal  carotid  and  basilar  artery  and  global  flow  are  shown  in  table  4.3.2.    
 
vessel 
Mean flow 
volume 
ml/min loa (ml/min) 
mean difference 
(ml/min) RI% 
right internal carotid 28.2 -9.0 to +8.2 -0.4 30.5 
left internal carotid 25.2 -4.4 to +4.4 0 17.4 
basilar artery 14.1 -0.5 to +1.7 0.6 7.6 
Global cerebral flow 67.5 -8.3 to +8.7 0.2 12.6 
  
Table  4.3.2  ʹ  Bland-­‐Altman  analysis  of   cerebral   flow  measures:  Scan   rescan  of   right  and   left   internal   carotid  
and  basilar  artery  and  global  cerebral  flow  as  measured  by  PC  MRI.  Mean  flow  volume,   loa,  mean  difference  
and  RI  are  shown.  
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4.3.4  Discussion    
This  preliminary  study  presents  cerebral  blood  flow  volume  data  from  PC  MRI  analysis   in  5  infants.  
Repeatability  analysis  of  global  cerebral  flow  is  encouraging  and  suggests  that  robust  flow  measures  
are  feasible  with  this  protocol   in  the  neonatal  cohort.  However,   further  data   is  needed  to  validate  
this   protocol   with   the   current   imaging   parameters.   Additional   quantification   of   cerebral   flow   in  
preterm   and   term   infants   and   association   with   ductal   shunt   volume   will   provide   valuable  
information   into   the   hemodynamic   impact   of   the   duct   on   flow   distribution   and   association   with  
adverse  neurodevelopmental  outcome.    
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Chapter  5  
Neonatal  Left  Ventricular  Function  and  Impact  of  PDA    
  
Data   from   the   previous   study   indicates   that   LVO   is   significantly   increased   in   infants   with   PDA.  
However   the   resultant   impact   on   cardiac   function   is   unknown.      In   the   following   chapter   the   left  
ventricular   (LV)   function   in   neonates   with   and   without   PDA   is   assessed   using  MRI.   Firstly   a   brief  
overview  of  the  mechanisms  and  measures  of  cardiac  function  and  failure  are  given.  This  is  followed  
by   a   brief   introduction   into   a   prominent   acquisition   used   in   cardiac   functional   MRI   assessment,  
steady   state   free  precession   (SSFP)   stack   sequences.  Morphological   and   functional   cardiac  data   in  
healthy  preterm  and   term   infants   is   then  presented.  Normative   ranges   for   LV  parameters   such  as  
wall  thickness  and  fractional  thickening  in  healthy  preterm  and  term  are  determined.  The  impact  of  
ductal  shunt  volume  on  LV  dimension  and  function  is  determined.  Next  a  preliminary  study  to  first,  
evaluate  the  pulmonary  flow  in  the  presence  of  a  PDA  from  right  ventricular  volumetric  analysis  and  
secondly   to   assess   the   feasibility   of   RV   functional   analysis   from   SSFP   stacks   is   presented.   In   the  
concluding  section  data  from  treated  PDA  infants  are  presented  and  discussed,  highlighting  possible  
future  studies  to  better  understand  the  impact  of  PDA  and  treatment  approach.    
  
5.1  The  Heart  
5.1.1  Cardiac  Function  
Unlike   skeletal   muscle,   cardiac   myocytes   are   coupled   together   electrically;   consequently   cardiac  
contraction  involves  every  single  myocyte.  Contractile  force  therefore  cannot  be  increased  from  the  
inclusion   of   additional  myocytes,   but   is   regulated  by   the   stretch  of   the   fibres   during   diastole   and  
modifying  intracellular  Ca2+  levels  (Levick,  Fifth  Edition,  2010,  chpt  3).  The  intracellular  mechanisms  
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that   initiate   the  depolarization  of  myocytes   are  outside   the   scope  of   this   thesis.   Instead   the  work  
presented  here  builds  upon  the  mechanical  properties  of  cardiac  muscle,  the  inherent  mechanisms  
for  altering  stroke  volume  (SV),  cardiac  output  and  function.  The  relationship   that  governs  cardiac  
function,  SV  and  contractility  can  be  described  by  the  Frank  Starling  ŵĞĐŚĂŶŝƐŵĂŶĚ>ĂƉůĂĐĞ͛Ɛ>Ăǁ͘  
  
5.1.2  Measures  of  Cardiac  Function  
The  Frank  Starling  mechanism  states  that  ͞the  energy  of  contraction  of  the  intact  heart  increases  as  
a  function  of  diastolic  distension͟  (Levick,  Fifth  Edition,  2010,  chpt  6).  An  increase  in  blood  volume  
will  stretch  the  ventricular  wall,  increasing  the  load  (known  as  preload)  experienced  by  each  muscle  
fibre,  causing  cardiac  muscle  to  contract  more  forcefully.  Preload  is  the  end  volumetric  pressure  that  
extends  the  right  or   left  ventricle  of  the  heart  to   its  greatest  geometric  dimensions  under  variable  
physiologic   demand.   As   this   cannot   be   easily  measured   in   vivo,  parameters   such   as   end   diastolic  
volume  (EDV)  and  pressure  are  used.  Hence  the  force  that  any  single  cardiac  muscle  fibre  generates  
is  proportional  to  the  preload,  and  the  stretch  on  the  individual  fibres  is  related  to  the  end  diastolic  
volume  of   the   left  and   right  ventricles.  This  mechanism  enables   the  heart   to  maintain  an  efficient  
blood   supply   during   exercise.   Maximum   contractile   force   and   therefore   SV   is   produced   from   an  
optimum   preload.   Loading   larger   or   smaller   than   this   optimal   value   will   decrease   the   force   and  
therefore  the  output  the  muscle  can  achieve  (figure  5.1.1).  
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Figure  5.1.1  ʹ  Frank  Starling  mechanism:  The  schematic   relationship  between  end  diastolic  volume  and  SV   is  
shown  for  a  normal  and  failing  heart.  Maximum  SV  is  produced  from  an  optimum  preload.  Loading  larger  or  
smaller   than   this   optimal   value   decreases   the   contractile   force   and   therefore   the   output   the   muscle   can  
achieve.  The  contractile  force  is  decreased  in  a  failing  heart.  
  
LapůĂĐĞ͛Ɛ >Ăǁ   is   an   important   physical   constraint   on   cardiac   performance.   It   describes   the  
relationship  between  the  transmƵƌĂůƉƌĞƐƐƵƌĞ͞W͟ĚŝĨĨĞƌĞŶĐĞ͕  the  radius  of  the  ventricular  cavity  ͞Z͕͟
and  ŵǇŽĐĂƌĚŝĂůǁĂůůƚĞŶƐŝŽŶ͞d͟  shown  in  equation  5.1  (Valentinuzzi  et  al.  2011).    
  
P.R  =  2.T                                                                                                                                                                                                                                                                                                                          (5.1)  
  
As  a  consequence  of  this  linear  relationship,  a  dilated  heart  requires  more  contractile  force  to  pump  
the  same  amount  of  blood  compared  to  the  heart  of  normal  size.  This  often  leads  to  hypertrophy  as  
the   wall   thickness   increases   to   normalize   the   wall   tension   (afterload).      Afterload,   the   tension   or  
stress  developed  in  the  wall  of  the  ventricle  during  ejection,  is  the  pressure  that  the  chambers  of  the  
heart   must   generate   in   order   to   eject   blood   out   of   the   heart.   Thus   it   is   a   consequence   of   the  
systemic  pressure   (for   the   left  ventricle)  and  pulmonic  pressure  or  pulmonary  artery  pressure   (for  
the  right  ventricle).  The  pressure  in  the  ventricles  must  be  greater  than  the  systemic  and  pulmonary  
pressure  to  open  the  aortic  and  pulmonic  valves,  respectively.  As  afterload  increases,  cardiac  output  
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decreases.  In  normal  cardiac  function  the  Frank-­‐Starling  mechanism  adequately  compensates  for  the  
mechanical  disadvantage  imposed  by  Laplace's  law.  
  
5.1.3  Cardiac  failure:  Association  with  PDA  
Heart  failure   is  the  global  term  for  the  physiological  state   in  which  cardiac  output   is   insufficient  to  
meet   the   demands   of   the   body.   This   comprehensive   term   covers   any   condition   that   reduces   the  
efficiency  of   the  myocardium  via  damage  or  overload.  Consequently   this   increase   in  workload  will  
lead  to  alterations  in  the  heart  itself.  The  general  outcome  is  that  cardiac  output  is  reduced.  In  adults  
cardiac   failure   can   be   caused   by   multiple   conditions   including   hypertension   and   myocardial  
infarction,  in  each  case  specific  physiological  markers  are  used  to  diagnose  cardiac  failure.  
It   is   common   clinical   belief   that   large   ductal   shunt   volumes   are   associated  with   congestive   heart  
failure  (Agarwal  et  al.  2007)  (Baylen  et  al.  1977)  (Schmitz  et  al.  2003).  This  has  arisen  mainly  from  the  
idea  that  large  shunt  volumes  lead  to  systemic  hypo-­‐perfusion  and  pulmonary  hyper-­‐perfusion  due  
to   cardiocirculatory   dysfunction.      The   association   with   reduced   systemic   blood   flow,   respiratory  
distress  syndrome,  the  observed  ventricular  enlargement  and  ventricular  overload  in  PDA  infants  has  
meant   that   some   ducts   are   treated   in   the   effort   to   prevent   cardiac   failure.   However   the  
pathogenesis  and  markers  used  in  adults  to  determine  cardiac  failure  may  not  directly  apply  to  the  
preterm   population.   For   example   the   pathophysiology   that   leads   to   pulmonary   edema   in   adult  
cardiac   failure   patients   is   not   equivalent   in   preterm   infants   with   PDA.   Undoubtedly   there   is   a  
significant  effect  on  myocardial  function  in  the  preterm  PDA  infant  (Sasi  et  al.  2011);  systemic  blood  
flow   can  be  maintained   even   in   the   presence   of   a   large   ductal   shunt   volume,   the   preterm   infant  
maintains  systemic  flow  by  increasing  cardiac  output.  However,  whether  these  infants  have  cardiac  
failure  is  questionable.    
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Relatively   few   studies   have   investigated   the   resultant   impact   of   PDA  on   cardiac   function.   Several  
echocardiography  studies  have  shown  an  increase  in  left  ventricular  cavity  dimension  and  SV  in  PDA  
infants   (Baylen   et   al.   1977)   (Shimada   et   al.   1994).   It   is   thought   that   this   is   primarily   due   to   an  
increase  in  preload  for  the  additional  shunt  volume  (Sasi  et  al.  2011).  A  number  of  studies  have  also  
examined  the  resultant  diastolic  function  in  the  presence  of  a  PDA,  a  reduction  in  the  isovolumetric  
relaxation  time  (IVRT)  and  long  axis  shortening   in   infants  with   large  PDA  was  found  (Schmitz  et  al.  
2003)   (Schneider   et   al.   2006).      Schmitz   et   al.   2003,   concluded   that   nonphysiological   additional  
preload   due   to   the   presence   of   a   PDA,   leads   to   the   reduction   in   IVRT  and   therefore   alteration   in  
diastolic   function.   However,   the   clinical   significance   of   this,   when   treating   a   PDA   has   yet   to   be  
established.   All   of   the   above   studies   have   been   limited   by   the   accuracy   of   echocardiography   to  
quantify   intra  cardiac  cavity  dimensions  and   flow  volumes.   In  addition  none  of   these  studies  have  
been  able  to  associate  cardiac   function  with  ductal  shunt  volume  and  the  resultant  systemic   flow.  
Consequently  the  resultant  cardiac  function  in  the  presence  of  a  PDA  and  clinical  significance  is  still  
poorly  understood.    
  
5.2  Cardiac  MRI  Function  Analysis:  bSSFP  Imaging  
Global   and   regional   cardiac   contractile   function   can  be  quantified  using  ECG  gated   rapid  Gradient  
Echo  (GE)  cine  sequences.  There  are  numerous  rapid  GE  sequences  all  of  which  are  SSFP  sequences.    
However   balanced   SSFP   (bSSFP)   has   become   a   prominent   diagnostic   and   functional   tool   in  
cardiovascular  MRI   owing   in   part   to   the   inherent   excellent   blood  myocardium   contrast   from   the  
T2/T1  weighted  contrast  and  very  high  SNR  efficiency  (Scheffler  et  al.  2003).    
The  bSSFP  sequence  was  first  described  by  Carr  et  al.  1954  yet  only  became  widely  employed  in  the  
last  15  years.    During  sequence  acquisition  the  magnetization  vector  is  modified  from  each  TR  due  to  
multiple  excitation  pulses  and  T1  and  T2  relaxation.     Under  certain  conditions  (constant  flip  angle,  
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dephasing  and  TR)  the  magnetization  will  establish  a  steady  state  after  several  TRs  (steady  state  free  
precession)  (Scheffler  et  al.  2003).  The  gradient  induced  dephasing  within  each  TR  is  exactly  zero  in  a  
bSSFP  sequence  and  therefore  the  contrast  is  a  product  of  T1  and  T2  contributions,  leading  to  high  
signal   intensity   from   liquids  and  fats  and  subsequently  providing  good  blood  myocardium  contrast  
(Carr  et  al.  2001)  (Schar  et  al.  2004).  
Although  not  optimal  for  diagnostic   imaging,   the  contrast  ratio,   fast  acquisition  time  and  high  SNR  
make   bSSFP   sequences   well   suited   for   morphological   imaging   and   segmentation   algorithms.    
Subsequently   numerous   studies   have   employed   bSSFP   techniques   to   quantify   cardiac   functional  
measures  such  as  ejection  fraction  (EF)  and  cardiac  volumetric  measures  such  as  myocardial  mass.  In  
addition  adult   left  and   right  ventricular  output  measures  have  been  validated   (Lorenz  et  al.  1999)  
(Alfakih  et  al.  2003)  and  systolic  and  diastolic  functional  in  cardiac  failure  patients  has  been  analysed  
using  this  technique  (Grothues  et  al.  2002).    
However  bSSFP  images  can  suffer  from  band  artefacts  which  degrade  the  quality  of  the  image  and  
hinder   segmentation   software.   Inhomogeneities   in   the   B0   field   cause   local   resonant   frequencies  
within  the  excited  volume  to  exceed  the  primary  pass  bandwidth  which  is  inversely  proportional  to  
TR.  For  successful  bSSFP  imaging  accurate  shimming  over  the  region  of  the  heart  to  ensure  that  the  
B0   variation   remains   below   1/TR   and   stability   in   the   resonant   frequency   during   the   acquisition   is  
needed  (Schar  et  al.  2004).    
Translating   and   utilizing   this   technique   successfully   in   the   neonatal   population   requires   a   distinct  
approach  (Price  et  al.  2012).  The  increased  spatial  resolution  required  to  adequately  image  the  very  
small  neonatal  cardiac  structures  significantly   reduces  SNR.  The  rapid  heart   rate   in   this  population  
(average   160bpm)   increases   the   temporal   resolution   required   to   obtain   useful   functional  
assessment,   reducing  the  potential   for  acceleration  methods.  This   leads  to   long  multiple  averaged  
scans.  The   increased  gradient  demand  also   lengthens  TR,  narrowing  the   frequency  range  between  
bands.   Subsequently,   prolonged   multiple-­‐averaged   scans   are   required   to   gain   sufficient   SNR   in  
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neonatal  CMR,  and  ultimately  both  the  requirements  for  successful  bSSFP  tend  to  fail  using  standard  
cardiac  protocols.  Consequently  the  neonatal  cardiac  assessment  studies  presented  in  the  following  
sections   employ   an   optimized   bSSFP   imaging   technique   that   implement   active   frequency  
stabilization  combined  with  image  based  shimming,  full  details  are  given  in  Price  et  al.  2012.  
  
5.3  Neonatal  Left  Ventricular  Function  and  Impact  of  PDA    
5.3.1  Introduction    
The   previous   study   to   quantify   ductal   shunt   volume   (chapter   4)   demonstrated   a   significant  
relationship  between  increased  LVO  ml/kg/min  and  ductal  shunt  volume  as  a  %  of  LVO  (p  <  0.001).  In  
addition,   from   observation   infants   with   PDA   appeared   to   have   enlarged   myocardium   and   larger  
ǀĞŶƚƌŝĐƵůĂƌĐĂǀŝƚǇǀŽůƵŵĞƐƚŚĂŶƚŚĞ͞ŚĞĂůƚŚǇ͟ĐŽŶƚƌŽůƉƌĞƚĞƌŵŝŶĨĂŶƚƐ;ĨŝŐƵƌĞ5.3.1).  Shimada  et  al.  
1994   found   an   increase   in   cardiac   output   associated   with   the   presence   of   a   large   PDA.   They  
suggested  that  the  heart  of  the  preterm  infant   is  capable  of  mounting  a  compensatory   increase  of  
cardiac   output   sufficient   to   maintain   unchanged   cerebral   blood   flow,   but   is   unable   to   maintain  
postductal  organ  blood   flows  because  of  decreased  perfusion  pressure   (ductal   steal)  and   localized  
increase  in  vascular  resistance.  
Clinical  cardiovascular  features  associated  with  the  presence  of  PDA,  as  well  as  the  systolic  murmur  
related  with  blood  flowing  through  the  duct,  include  prominent  precordial  pulsations  (Agarwal  et  al.  
2007)  which  reflect   the   increased  workload.  The  effect  of   this   increased  workload  on  the  preterm  
heart  due  to  the  increase  in  cardiac  output  is  unknown.  However  it  is  thought  that  the  shunting  of  
blood   from   the   systemic   circulation   to   the   pulmonary   circulation   in   PDA   infants   may   result   in  
congestive  cardiac  failure  (Agarwal  et  al.  2007)  (Sasi  et  al.  2011).  
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Figure  5.3.1  ʹ  Enlarged  heart  of  a  PDA  infant:  4  chamber  and  short  axis  views  in  a  1.4kg  control  infant  (left)  and  
PDA  (right)   infant  with  a  shunt  volume  of  62%  of  LVO.  Figure  shows  the  apparent   increase   in   left  ventricular  
dimensions.  
  
  
  
Objective  
The  aim  of  this  study  was  to  quantify  ventricular  dimension  and  function  with  optimized  bSSFP  stack  
sequences   (Price   et   al.   2012)   in   infants   with   and   without   PDA   to   determine   the   extent   of  
enlargement  and  the  subsequent  effect  on  cardiac  function.  
The   work   in   this   subsection   has   been   submitted   to   Circulation   cardiovascular   imaging   and   is  
currently  under  review.  
  
5.3.2  Patients  and  Methods  
The  study  was  approved  by  the  North  West  London  Research  Ethics  Committee  (06/Q0406/137)  and  
written  informed  parental  consent  was  obtained  in  all  cases.    
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Study  cohort    
Cardiac  MRI  was  performed  in  43  infants  with  median  (range)  gestational  age  (GA)  30+3(24+3  ʹ  39+1)  
weeks,  corrected  GA  (cGA)  34+2(37+3  ʹ  39+3)  weeks,  birth  weight  1400(525  ʹ  3050)  grams  and  weight  
at   scan   1690(660   ʹ   3050)   grams,   who  were   inpatients   at   ^ƚ dŚŽŵĂƐ͛ ĂŶĚ YƵĞĞŶ ŚĂƌůŽƚƚĞ͛Ɛ ĂŶĚ
Chelsea  Hospital.  All  infants  had  an  echo  performed  within  24  hours  of  MRI  scan  by  an  operator  with  
>10   years   of   experience   (AMG)   in   neonatal   echocardiography.   Fourteen   infants   had   PDA   as  
determined   by   echo.   Persistent   patency   of   the   foramen   ovale   was   considered   a   developmental  
variant  and  was  seen  in  4  of  the  infants  in  the  study.  
All   infants  were  scanned  using  acoustic  ear  protection,  pulse  oximetry,  vector  ECG  monitoring  and  
without   sedation   or   anaesthesia   (Merchant   et   al.   2009).      Seventeen   infants   required   low   flow  
supplemental  oxygen  or  nasal  continuous  positive  airway  pressure  via  an  MR  compatible  system  but  
all   infants  were   stable   and   tolerating   full   enteral   feeds  during   the   scan.  None  of   the   infants  were  
mechanically   ventilated   during   the   scan.   There  was   no   change   in   respiratory   status   in   any   infant  
between  MRI  and  echo  scans.  
  
Pre-­‐scan  history  
PDA  was  treated  in  2  infants,  both  with  Ibuprofen  2  days  and  59  days  prior  to  the  scan.    Both  were  
still  patent  at  the  time  of  the  MRI  scan.  None  of  the  PDA  infants  subsequently  underwent  surgery  to  
close  the  duct.  All  of  the  14  PDA  infants  survived  and  there  were  no  incidences  of  NEC  in  this  cohort.  
No  infant  included  in  this  study  went  on  to  receive  further  treatment  for  prolonged  ductal  patency.  
  
Acquisition  
Data  were  acquired  on  a  Philips  3-­‐Tesla  MR  Achieva  scanner  (Best,  Netherlands)  using  a  specialised  8  
channel   pediatric   body   receive   coil   for   infants   above   2kg   and   a   small   extremity   receive   coil   for  
infants  below  2kg.  A  retrospectively  gated  2D  bSSFP  short  axis  10  slice  stack,  (in-­‐plane  resolution  =  
1x1mm,  slice  thickness  =  4mm,  TR/TE  =  3.8/1.9  ms,  cardiac  phases  =  20)  was  placed  over  the  heart,  
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aligned  with  the  mitral  value  using  previously  acquired  pilot  scans.  Negative  slice  gap  was  adjusted  
for  individual  infants  so  that  the  10  slices  covered  apex  to  base  of  left  ventricle.  NSA  ranges  between  
2  and  8  depending  on  size  and  stability  of  infant.  Acquisition  time  ranges  between  2  and  8  minutes.  
No  respiratory  compensation  techniques  were  used.  Table  5.1.1  shows  the  scan  parameters  for  the  
bSSFP  stack  sequence.  
  
Scan  
spatial 
resoluti
on (mm) cp FOV (mm) 
Slice 
thicknes
s (mm) 
Slice 
gap 
(mm) 
TR/TE 
(ms) 
flip 
angle 
(degree
s) 
PE 
directi
on NSA 
scan 
duratio
n (mins) 
SA 
Stack 1x1 20 
FH/RL = 100-
120 AP = 30-50 4 -2.5 - 0 3.8/1.9 35 RL 2-8 2-8 
  
Table  5.3.1  Shorts  axis  bSSFP  stack  scan  parameters.  
  
Data  processing    
Quantification   of   LVO   and   ductal   shunt   volume   from   PC   sequences   was   performed   using   a  
commercial   workstation   (Philips   ViewForum).   Automated   vessel   edge   detection   was   used   for   all  
vessels   of   interest,   with   manual   correction   where   necessary.   Quantification   of   LVO   via   PC   was  
carried  out  in  full  in  all  but  4  (2  PDA  and  2  control)  infants  due  to  subject  unrest.    
Stacks  were  segmented  and  LV  function  was  quantified  using  freely  available  software  Segment  v1.8  
R1172   (http://segment.heiberg.se)   (Heiberg   et   al.   2010).   Myocardial   borders   were   defined   by  
performing  a  detailed  manual  tracing  of  the  epi  and  endocardium  at  end  systole  and  end  diastole  (ES  
ĂŶĚͿƚŝŵĞĨƌĂŵĞƐ͘͞ĨŝƌƐƚŐůĂŶĐĞ͟ĂŶĚ^ƚŝŵĞĨƌĂŵĞǁĂƐĐŚŽƐĞŶĨƌŽŵĂŵŝĚ-­‐ventricle  slice,  
the   endocardial   border  was   defined   in   each   slice   at   this   and   the   time   frame   either   side   until   the  
maximum  and  minimum  volume  was  found.  ED  and  ES  time  frames  were  then  set  to  the  maximum  
and   minimum   volumes   respectively.   The   epicardial   border   was   then   defined   for   these   two   time  
points   for   every   slice.   Long   axis   motion   was   corrected   for   by   measuring   the   mitral   value  
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displacement  on  a  4  chamber  pilot  scan  between  the  ED  and  ES  time  points  taking  an  average  of  3  
measures.        
Myocardial  and  ventricular  cavity  volumes  were  determined  by  summing  the  area  of  each  slice  over  
the   length   for   ED   and   ES   time   points   the   two   volumes   were   then   averaged.   Myocardial   mass  
calculations  were  carried  out  by  multiplying  the  left  ventricular  myocardial  volume  by  1.05g/ml  (Katz  
et   al.   1988).   This   value   is   widely   accepted   as   the   density   of   healthy   adult   myocardium   and   was  
obtained  from  ex-­‐vivo  adult  experimental  data.    
Myocardial   wall   thickness   and   fractional   thickening   assessment   was   carried   out   using   the   6   mid  
cavity  sections  as  defined  by  the  17  sector  American  Heart  Association  model  (Cerqueira  et  al.  2002)  
(figure  5.3.2).  Eighty  thickness  values  for  each  sector  were  obtained  from  radial  spokes  that  originate  
at  the  centre  of  the  endocardial  area.    Myocardial  thickness  was  defined  where  the  endo/epicardial  
borders  dissect  the  radial  spokes.  These  80  values  were  then  averaged  to  generate  a  thickness  value  
for  each  sector  (Heiberg  et  al.  2010).  
  
  
  
Figure  5.3.2  ʹ  17  segmentation  AHA  model:  The  four  regions  and  17  sectors  are  shown  on  the  segmentation  of  
the   left   ventricle.  Wall   analysis   was   carried   out   on   the   6   mid   cavity   sections   shown   in   red   in   the   figure.  
http://imaging.onlinejacc.org/mobile/article.aspx?articleid=1215021.    
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Papillary  muscles  and  trabeculae  were  excluded  from  the  blood  pool  area  for  evaluation  of  the  blood  
volume   parameters   EDV,   SV,   LVO   and   EF   (defined   as   EDV-­‐ESV/EDV).      Papillary   muscles   and  
trabeculae  were  included  in  the  blood  pool  volume  for  calculation  of  the  myocardial  wall  parameters  
wall   thickness,   fractional   thickening   (defined   as   (ES   wall   thickness   ʹ   ED   wall   thickness)/ED   wall  
thickness)  and  LV  mass  (figure  5.3.3).  This  is  convention  (Heiberg  et  al.  2010).  
  
  
Figure  5.3.3  ʹ  Endo  and  epicardium  segmentation:  Segmentation  for  blood  volume  (left)  and  myocardial  wall  
(right)   parameter   evaluation.  Papillary  muscles   and   trabeculae  were   excluded   from   the   blood   pool   area   for  
evaluation  of  the  blood  volume  parameters  and  were  included  in  the  blood  pool  volume  for  calculation  of  the  
myocardial  wall  parameters.    
  
LapůĂĐĞ͛ƐůĂǁƐƚĂƚĞƐĂůŝŶĞĂƌƌĞůĂƚŝŽŶƐŚŝƉ  between  ventricular  diameter  and  wall  stress.  Therefore  to  
maintain   cardiac   function,   any   scenario   producing   increased   left   ventricular   diameter   would   be  
expected  to  also  produce  a  proportional  increase  in  myocardial  thickness.  To  examine  whether  any  
increase   in  LV  mass   in   infants  with  PDA  is  proportionate  or  disproportionate  to  extent  of  LV  blood  
volume  change  the  ratio  between  LV  myocardial  volume  and  LV  blood  pool  volume  (MyoV/EDV)  was  
examined.   This   relationship  was   investigated   further   by   differentiating   between   PDA   infants  with  
high   (>33%   LVO)   and   low   <33%   LVO)   shunt   volume.   This   arbitrary   threshold   was   chosen   as  
quantification  of  shunt  volume  via  PC  MRI   indicated  that  6   infants  had  a  shunt  volume  above  48%  
LVO   and   6   infants   had   shunt   volume   below   26%   LVO.   As   stated   previously   the   PC   protocol   and  
therefore  ductal  shunt  volume  quantification  was  carried  out  in  full   in  all  but  2  PDA  infants  due  to  
subject  unrest,  hence  these  infants  were  not  included  in  the  above  analysis.      
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Statistical  analysis  
Bland-­‐Altman  analysis  was  carried  out  to  assess  agreement  between  LVO,  and  SV  values  from  PC  and  
stack  acquisitions.  Mean  difference  of  measures,  95%   loa  and  RI   (normalized   loa)  were  calculated.  
Heart   rate   (HR)   variability   between   the   LVO  PC   and   stack   acquisitions  was   also   analysed.   LVO  PC  
sequences  were  not  acquired  in  4  infants  due  to  patient  unrest;  subsequently  these  infants  were  not  
included  in  the  Bland-­‐Altman  analysis.  
The  LV  output  measures   LVO,  SV,  EF,  and  ventricular  dimensions  EDV  and  LV  mass  normalized   by  
weight   at   scan   (as   is   convention   in   the   neonatal   population)   were   plotted   against   corrected  
gestational  age  to  visually  assess  the  impact  of  PDA  on  LV  measures.  EDV  was  plotted  against  SV  to  
investigate  the  relationship  between  filling  and  SV  in  control  and  PDA  infants  to  look  for  evidence  of  
alteration   in   the  Frank  Starling  curve   (Levick,   Fifth  Edition,  2010,   chpt  6).   For  visual  assessment  of  
impact  of  hypertrophy  on  LV  function  LV  mass  was  plotted  against  EF.    
Ŷ ƵŶƉĂŝƌĞĚ ^ƚƵĚĞŶƚ͛Ɛ ƚ-­‐test   compared   EDV,   SV,   LVO,   EF,   LV   mass,   ED   wall   thickness,   fractional  
thickening   and   MyoV/EDV   ratio   in   infants   with   and   without   PDA.   Analysis   was   carried   out   in  
Microsoft   Excel   (2010).   Linear   regressions   were   carried   out   in   control   infants   to   determine  
association  between  EF  and  the  ventricular  measures  LV  mass  and  EDV.  Multiple  linear  regressions  
were   carried   out   in   PDA   infants   to   determine   association   between   LV  mass,   EDV   and  MyoV/EDV  
ratio  with  ductal  shunt  volume  correcting  for  cGA  and  postnatal  age.  Association  between  EF  and  LV  
mass,   EDV   and   ductal   shunt   volume  was   also   investigated   in   the   PDA   infants.   To   assess  whether  
differences   in  LV  mass  could  be   related  primarily   to   illness   severity   rather   than  PDA  shunting,   the  
association   between  number   of   days  on   respiratory   support   from  birth   to   discharge   and   LV  mass  
correcting  for  cGA,  postnatal  age  and  ductal  patency  was  investigated.  Significance  was  determined  
by   a   p   value  <  0.05.   Analysis  was   carried   out   in  Microsoft   Excel   (2010).  Ductal   shunt   volume  was  
calculated  in  all  but  2   infants  as  these   infants  became  unsettled.  These   infants  were  therefore  not  
included  in  the  multiple  linear  regression  analysis.  
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5.3.3  Results  
Control  infants:  Twenty  nine  neonates  (controls)  median  (range)  GA  at  birth  33+2(25+5  ʹ  39+1)  weeks,  
cGA   34+6(31+1-­‐39+3)   weeks,   birth   weight   1820(695   ʹ   3045)   grams   and   weight   at   scan   1880(790   ʹ  
3045)   grams   had   closure   of   the   arterial   duct   confirmed   by   echo   and   were   otherwise   considered  
͞ŚĞĂůƚŚǇ͟ŶĞŽŶĂƚĞƐ.    
PDA  infants:  Fourteen  infants  had  PDA  as  determined  by  echo  median  (range)  GA  26+2(24+3  ʹ  31+1)  
weeks,   cGA   29+5(27+3   ʹ   36+1)   weeks,   birth   weight   930(525   ʹ   1400)   grams   and   weight   at   scan  
1100(660  ʹ  2400)  grams.  In  the  12  infants  who  underwent  the  full  PC  protocol  shunt  volume  ranged  
between  12  ʹ  74%  of  LVO  (table  5.3.2)  (full  details  given  in  chapter  4).    
  
GA cGA BW kg 
Wt at scan 
kg 
ductal shunt 
volume % LVO 
24+3 27+3 0.53 0.66 74.2 
31+1 32+2 1.18 1.18 66.5 
28+4 31+4 1.40 1.43 62.0 
25+4 31+6 0.68 1.13 52.7 
26+1 30+1 0.99 1.08 51.6 
27 29+2 1.14 1.14 48.7 
27 29+1 1.18 1.18 26.0 
26+2 36+1 0.91 2.40 23.5 
25+5 27+5 0.81 0.81 15.5 
25+3 30+4 0.85 0.88 15.0 
27 29+1 0.89 0.89 13.5 
27+2 31+6 0.90 1.22 12.1 
  
Table  5.3.2  ʹ  Ductal  shunt  volumes:  GA,  cGA,  birth  weight  (BW),  weight  (Wt)  at  scan  and  corresponding  ductal  
shunt  values  as  determined  by  PC  MRI  for  12  infants  with  PDA.    
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Bland-­‐Altman  analysis    
Bland-­‐Altman  analysis   (Bland  et  al.  1986)  of  LVO  and  SV  and  HR  was  carried  out   in  39   infants   (27  
control  and  12  PDA  infants)  to  assess  agreement  of  PC  and  stack  output  values.  LVO  PC  sequences  
were   not   acquired   in   4   infants   due   to   patient   unrest.   Table   5.3.3   shows   the   loa,   normalized   loa,  
mean  difference  and  mean  difference  as  a  percentage  of  the  mean  from  the  Bland-­‐Altman  analysis.  
Good  agreement  was  found  between  PC  and  stack  LVO  and  SV  values.    
  
Bland-Altman 
analysis 
   
 
RI% LOA mean diff mean diff % 
LVO ml/kg/min 15.8 -76.3 - +20.1 28.1 9.2 
SV ml/kg 13.4 -0.49 - +0.06 0.21 10.4 
HR bpm 9.5 -11.8 - +16.2 -2.21 -1.5 
  
Table   5.3.3  ʹ   Bland-­‐Altman   analysis:   of   PC   and   bSSFP   stack   LVO,   SV   and   averaged  HR  measures.   The   table  
presents  loa,  RI%,  and  mean  difference  as  an  absolute  value  and  a  percentage  for  all  3  measures.    
  
  
Analysis  of  Cardiac  Dimensions  and  Output  
hŶƉĂŝƌĞĚ^ƚƵĚĞŶƚ͛Ɛƚ-­‐tests  showed  that  EDV,  SV,  LVO,  ED  wall  thickness  and  LV  mass  are  significantly  
increased   in   PDA   infants.   There   was   no   significant   difference   between   EF   in   both   groups   (table  
5.3.4).      
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Mean(SD) 
controls Mean(SD) PDA P value 
LVO ml/kg/min 260(56) 455(119) <0.001 
SV ml/kg 1.82(0.29) 2.95(0.78) <0.001 
EDV ml/kg 2.47(0.38) 4.00(1.35) <0.001 
LV mass g/kg 1.39(0.23) 2.58(0.52) <0.001 
EF 74.4(4.5) 75.6(8.6) 0.45 
MyoV/EDV 0.54(0.08) 0.67(0.17) 0.02 
  
Table   5.3.4   ʹ   hŶƉĂŝƌĞĚ ^ƚƵĚĞŶƚ͛Ɛ t-­‐test:   Analysis   of   LVO,   function   and   hypertrophic   measures   showing  
mean(SD)  and  p-­‐values  for  control  and  PDA  groups.  
  
For  visual  analysis  EDV,  SV,  LVO,  LV  mass   (normalized  by  weight  at  scan),  HR  and  EF  were  plotted  
against  cGA  (figure  5.3.4  a,  b,  c,  d,  e  and  f).  Heart  rate   in  all  PDA  infants  remained  within  the  95%  
confidence   limits.   LV  mass   is   dramatically   increased   in   PDA   infants   with   all   but   3   above   the   95%  
confidence  limits.  Mean  (range)  EF  was  found  to  be  74.4(60.3  ʹ  89.4)%  in  control  infants.  All  but  2  
infants  had  an  EF  within  or  above  the  95%  confidence  limits  and  all  were  above  the  adult  threshold  
of  >50%  for  normal  EF  (Levick,  Fifth  Edition,  2010,  chpt  2)  (Zile  et  al.  2001).    
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Figure  5.3.4  ʹ  Normative  ranges:  Scatter  plots  with  trend  line  and  95%  confidence  limits  of  a:  EDV,  b:  SV,  c:  
LVO,  d:  LV  mass,  e:  HR  and  f:  EF  in  43  infants  with  (෽)  and  without  (+)  PDA.    
  
Myocardial  mass  and  Function  analysis  
Scatterplots  show  ED  thickness  normalized  by  weight  at  scan  and  fractional  thickening  for  the  6  mid  
cavity  sections  in  control  and  PDA  infants  (figure  5.3.5a  and  b).  Myocardial  fractional  thickening  was  
lowest  in  section  2  and  3  as  these  include  the  septal  wall  and  highest  in  the  anterior  sections  of  the  
myocardium  as  expected.  hŶƉĂŝƌĞĚ^ƚƵĚĞŶƚ͛Ɛ ƚ-­‐tests  showed  that  ED  wall   thickness  normalized  by  
weight  at  scan  was  significantly  increased  in  infants  with  PDA  for  all  6  mid  cavity  sections.  There  was  
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no   significant   difference   in   fractional   thickening   found   between   control   and   PDA   infants   (table  
5.3.5).        
  
  
  
  
Figure   5.3.5   ʹ   ED   thickness   and   fractional   thickening:   Scatterplots   give   a   visual   representation   of   a:   ED  
thickness  and  b:  fractional  thickening  in  infants  with  (෽)  and  without  (+)  PDA.  
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ED thickness mm/kg fractional thickening % 
       
section 
Mean 
controls 
Mean 
PDA P value 
Mean 
controls 
Mean 
PDA P value 
1-mid anterior 1.17 2.22 <0.001 79 94 0.24 
2-mid anteroseptal 1.16 2.45 <0.001 68 55 0.13 
3-mid inferoseptal 1.09 2.21 <0.001 59 62 0.62 
4-mid inferior 0.95 2.09 <0.001 81 83 0.85 
5-mid inferolateral 0.92 1.96 <0.001 95 96 0.95 
6-mid anterolateral 1.10 2.21 <0.001 80 100 0.20 
Global  1.07 2.19 <0.001 77 82 0.57 
  
Table   5.3.5   ʹ   Myocardial   functional   analysis:   t-­‐test   analysis   of   the   6   mid   cavity   AHA   myocardial   sections.  
Individual  mid  cavity   sections  and  global  Wall   thickness  and   fractional   thickening   values,  mean  and  p-­‐values  
are  shown  for  both  control  and  PDA  groups.    
  
Cardiac  function  analysis  
The  group  estimated  Frank  Starling  curve  showed  no  evidence  of  reaching  any  maximum,  i.e.  even  
PDA  babies  with  very  large  EDV  remained  on  the  same  linear  trend  line  (figure  5.3.6).  
  
  
Figure  5.3.6  ʹ  Population  Frank  Starlings  curve:  for  infants  with  (෽)  and  without  (+)  PDA.      
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For   visual   analysis   of   the   impact   of   hypertrophy   on   LV   function,   LV  mass  was   plotted   against   EF  
(figure  5.3.7).  All  PDA  infants  remain  within  or  above  the  population  range.  
  
  
Figure  5.3.7  ʹ   Visual   analysis   of   impact   of   hypertrophy:   LV  mass  plotted  against   EF   for   infants  with   (෽)   and  
without  (+)  PD  to  visually  assess  the  impact  of  hypertrophy  on  LV  function.    
  
  
Measure  of  Hypertrophy  
A  linear  relationship  was  found  between  LV  myocardial  volume  and  EDV  in  control  infants  (R2  =  0.66)  
and   PDA   infants   (figure   5.3.8).   To   investigate   the   relationship   between   LV   mass   and   EDV   and  
examine  the  extent  of  enlargement  in  PDA  infants  the  ratio  of  MyoV/EDV  was  plotted.    
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Figure   5.3.8   ʹ   LV  myocardial   volume   vs   EDV:   A   liner   relationship   was   found   between   increase   EDV   and   LV  
volume  in  infants  with  (෽)  and  without  (+)  PDA.  
  
The  ratio  of  MyoV/EDV  is  approximately  constant  with  increasing  EDV  in  control  infants.  An  inverse  
relationship   is   observed   in   the   PDA   infants   where  MyoV/EDV   decreases   with   increased   EDV   and  
shunt   volume   with   7   of   the   PDA   infants   above   the   95%   confidence   limits   (figure   5.3.9a).   By  
differentiating   between   low   (<33%   of   LVO)   and   high   (>33%   LVO)   shunt   volume   the   inverse  
relationship  between  shunt  volume  and  MyoV/EDV  ratio  is  highlighted  (figure  5.3.9b).    
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Figure  5.3.9  ʹ  Measure  of  hypertrophy:  a:  Normative  range  of  MyoV/EDV  ratio  against  EDV  in  infants  with  (෽)  
and  without   (+)  PDA.  b:  The   relationship  between   increased  MyoV/EDV  ratio  and  decreased  shunt  volume   is  
illustrated  by  differentiating  between  PDA  infants  with  low  (෽)  and  high  (෽)  shunt  volume.  
  
Regression  analysis:  association  of  PDA    
Linear   regression   analysis   showed   no   significant   relationship   between   EF   and   EDV   or   LV  mass   in  
control   infants.   There   was   no   significant   association   between   EF   and   ductal   shunt   volume   or   LV  
mass,  however  a  significant  inverse  relationship  was  found  between  EF  and  EDV  (p  =  0.006)  in  PDA  
infants.   The   significant   positive   associations   between   LV   mass   and   ductal   shunt   volume,   and  
between  EDV  and  ductal   shunt  volume  both  persisted  when  correcting   for  cGA  and  postnatal  age  
(post)   in   multiple   linear   regression   (p   =   0.03   and   0.003   respectively).   A   significant   inverse  
relationship  between  MyoV/EDV  and  ductal  shunt  volume  persisted  when  correcting   for  both  cGA  
and   postnatal   age   (p   =   0.004).   No   significant   association   between   number   of   days   on   respiratory  
support  (resp)  and  LV  mass  correcting  for  cGA,  postnatal  age  and  ductal  patency  was  found.  Table  
5.3.6  shows  the  equation  and  p  value  from  the  resultant  multiple  linear  regression  analysis.  Graphs  
of  the  linear  and  multiple  linear  regression  analysis  are  shown  in  appendix  5.1.  
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dependant  variable   equation   p  value  
MyoV/EDV   -­‐0.05cGA+0.001post-­‐0.005d+2.3   0.03  
EDV   0.24cGA-­‐0.02post+0.05d-­‐4.9   0.003  
LVmass   -­‐0.07cGA+0.01post+0.02d+3.9   0.004  
LVmass   -­‐0.12cGA+0.01post+0.02d-­‐0.003resp+5.7   0.47  
  
Table  5.3.6  ʹ  Multiple  linear  regression:  association  between  LV  volumetrics  and  ductal  shunt  volume.  
  
5.3.4  Discussion  
The  previous  chapter  presented  data  indicating  that  in  the  presence  of  high  PDA  shunt  volume  upper  
and  lower  body  flow  volume  are  somewhat  reduced,  but  levels  remain  within  or  close  to  the  normal  
range  for  neonates.  Suggesting  that  global  systemic  perfusion  may  be  relatively  maintained  even  in  
the  presence  of  high  volume  ductal  shunt  in  infants  outside  the  transitional  period.  This  was  shown  
to  be  achieved  by  significantly  increased  cardiac  output.  It  is  common  clinical  belief  that  large  ductal  
shunt  volumes  are  associated  with  congestive  heart  failure  (Agarwal  et  al.  2007)  (Baylen  et  al.  1977)  
(Schmitz   et   al.   2003).   However   the   impact   of   the   increase   in   cardiac   work   on   function   in   these  
infants  was  unclear.  In  this  study  data  assessing  left  ventricular  dimension  and  function  in  neonates  
with  and  without  PDA  was  presented.  dŽƚŚĞĂƵƚŚŽƌ͛ƐŬŶŽǁůĞĚŐĞƚŚŝƐŝƐƚŚĞĨŝƌƐƚƐƚƵĚǇƚŽĂƐƐĞƐƐĂŶĚ
relate   cardiac   function   to   ductal   shunt   volume   in   preterm   and   term   infants.   In   the   following  
subsection   study   considerations,   limitations,   possible   significance   of   results   and   implications   are  
discussed.  
Quantification  of  left  ventricular  volumes,  SV  and  EF  in  adults  via  bSSFP  stack  imaging  has  been  well  
ǀĂůŝĚĂƚĞĚĂŶĚŚĂƐŽĨƚĞŶďĞĞŶƵƐĞĚĂƐƚŚĞ͞ŐŽůĚƐƚĂŶĚĂƌĚ͟ǁŚĞŶĐŽŵƉĂƌĞĚƚŽŽƚŚĞƌDZ/ĂŶĚĞĐŚŽ
techniques  (Ichikawa  et  al.  2003)  (Pattynama  et  al.  1994)  (Thiele  et  al.  2002).  The  accuracy  of  cardiac  
MRI   LV  mass  measurements   has   been  validated   using   post-­‐mortem  hearts   (Myerson  et   al.   2002).  
Cardiac   MRI   in   neonates   is   a   promising   tool   that   potentially   can   provide   detailed   functional  
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information   in   the   cohort.   Although   assessment   of   cardiac   function   with   cardiac   MRI   is   well  
documented  in  adults  and  paediatrics  (Alfakih  et  al.  2003)  (Fogel,  2000)  (Keller  et  al.  1986)  (Lorenz  et  
al.   1999),   validation   data   did   not   extend   back   to   neonatal   population.   The   above   bland-­‐Altman  
analysis   has   since   been   published   in   Price   et   al.   2012   as   part   of   a   validation   study   that   gives   a  
detailed   explanation   of   the   tailored   bSSFP   stack   sequence   with   additional   scanner   optimizations  
used  in  this  study  to  assess  cardiac  function  in  preterm  infants.  
  
Protocol  considerations  and  limitations  
LVO  measurement  by  2D  PC  MRI  have  been  shown  to  have  significantly  improved  repeatability  than  
echocardiography  measures  (Groves  et  al.  2011)  and  is  the  only  other  feasible  method  to  quantify  
ventricular   outputs   in   this   fragile   population.   LVO  measurements   from   2D   PC  MRI   were   used   to  
assess   the   accuracy   of   functional   assessment   by   segmentation   of   the   bSSFP   stacks.   Bland-­‐Altman  
analysis  was   therefore  carried  out   to  assess  agreement  between  LVO,  and  SV  values   from  PC  and  
stack   acquisitions   in   this   small   challenging   cohort.   Good   agreement   was   found   between   PC   and  
bSSFP   stack   LVO   values   (normalized   loa   15.8%,   mean   bias   28.6  ml/kg/min   and   loa   -­‐77.7   -­‐   +20.5  
ml/kg/min).  This  variability  was  only  slightly  higher  than  that  seen   in  measurements  of  heart   rate,  
suggesting  that  a  significant  proportion  of  the  variability  seen  in  flow  quantification  may  be  related  
to   genuine   physiological   variation   as   opposed   to  measurement   error.   However   the  mean   bias   of  
9.2%  suggests  that  either  stack  analysis  is  systematically  overestimating  and/or  PC  quantification  is  
systematically  underestimating  LVO  values.    
One  potential  cause  of  this  bias  is  the  PC  sequences  have  slice  thickness  4mm  and  were  positioned  
at  the  level  of  the  aortic  valve;  in  infants  this  slice  thickness  is  too  large  to  place  before  the  coronary  
arteries   and   therefore   this   would   not   have   been   included   in   the   PC   LVO   measurements.   The  
coronary  flow  accounts  for  around  5%  of  the  LVO  (Ramanathan  et  al.  2005),  potentially  accounting  
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for  some  of  the  disparity  between  PC  and  bSSFP  measures.  bSSFP  slices  are  also  vulnerable  to  partial  
volume   errors.   Relative   slice   thickness   ranged   between   2   ʹ   4mm   and   since   the   curvature   of   the  
myocardial  wall  will  be  greatest  during  systole  in  the  apical  slices;  this  could  lead  to  partial  volume  
errors  where   the   blood  pool   volume   is   underestimated   at   this   location   and   time  point   leading   to  
overestimation  of  SV  and  therefore  LVO.    Both  these  factors  may  lead  the  stack  and  PC  analysis  to  
slightly  overestimate  and  underestimate  LVO  measurements  and  therefore  could  explain  the  mean  
difference  between  the  two  methods.    
  
Results  and  possible  significance  
When  assessing  LV  function  in  the  presence  of  PDA  normative  ranges  for  EDV,  SV,  LVO,  LV  mass,  HR  
and  EF  in  43  infants  with  and  without  PDA  were  described.  Visual  assessment  and  unpaired  t-­‐tests  
showed  that  EDV  was  significantly  increased  in  PDA  infants,  suggesting  volume  loading  on  the  heart.  
In  addition  SV,  LVO  and  LV  mass  were  increased,  demonstrating  increased  workload.  Despite  widely  
held  clinical  beliefs  that  PDA  presents  clinically  with  increased  HR,  infants  with  PDA  in  this  study  had  
HR   consistently   within   the   normal   range.   This   indicated   that   LVO   was   increased   in   PDA   infants  
primarily   by   an   increase   in   SV   due   to   a   larger   ventricular   cavity   size   (EDV)   than   increase   in   HR.  
Despite   the   increase   in   left   ventricular   volume   loading   and   workload   there   was   no   significant  
difference  in  EF  between  control  and  PDA  infants.  As  a  point  of  interest  the  distribution  of  HR  in  PDA  
infants  was  smaller  than  in  controls:  all  PDA  infants  had  a  HR  between  149  and  162bpm.  Whether  or  
not  this  indicates  less  HR  variability,  demonstrating  cardiac  and  autonomic  stress  within  this  cohort  
is  unclear  but  worthy  of  further  study.      
In  control  infants  mean  (range)  EF  was  found  to  be  74.4(60.3  ʹ  89.4)%.    Furthermore  no  significant  
relationship  was   found   between   EF   and   EDV   or   LV  mass   in   control   infants,   suggesting   that   these  
ŝŶĨĂŶƚ͛Ɛ ŚĞĂƌƚƐ ĂƌĞ ǁĞůů ǁŝƚŚŝŶ ƚŚĞŝƌ ĐŽŵĨŽƌƚĂďůĞ ĨƵŶĐƚŝŽŶŝŶŐ ƌĂŶŐĞ͘ The   data   presented   here  
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suggests  that  overall  maintenance  of  contractile  function  in  PDA  infants.  All  PDA  infants  in  this  study  
had  EF  well  above  the  threshold  of  >50%  that  determines  normal  EF  in  healthy  adults  (Levick,  Fifth  
Edition,  2010,  chpt  2)  (Wahr  et  al.  1983)  (mean  (range)  was  found  to  be  75.6(62.6  ʹ  89.4).  While  a  
significant   inverse  relationship  was  found  between  EF  and  EDV  (p  =  0.006)   in  PDA  infants  all  but  2  
infants  had  EF  within  or  above  the  normal  range.  The  Frank  Starling  curve  shows  that  all  of  the  PDA  
infants  appear  to  remain  on  the  same  linear  trend  as  control  infants;  there  is  no  evidence  of  a  drop  
in  SV  with  very  large  EDV.  The  increase  in  SV  and  LVO  observed  above  is  primarily  due  to  an  increase  
in   preload   caused   by   the   additional   shunt   volume.   It   appears   that   in   general   the   Frank-­‐starling  
mechanism  adequately  compensates   for   the  mechanical  disadvantage   imposed  by  Laplace's   law   in  
these  enlarged  hearts,  suggesting  an  overall  maintenance  of  contractile  function.  Cardiac  output   is  
known  to  significantly  decrease  shortly  after  surgical  ligation  (Kimball  et  al.  1996)  (Noori  et  al.  2007)  
primarily   due   to   the   decrease   in   LV   preload.   The   resultant   cardiac   function   after   treatment   via  
medication   is  not  so  well  documented.   Initial   investigations  of  consequent   left  ventricular  function  
after  medication  is  presented  in  the  following  subsection.  
While  contractile  function  is  generally  maintained  there  in  clearly  a  significant  increase  in  LV  mass  in  
the  PDA  infants.  This  increase  is  not  explained  by  differences  in  cGA  and  postnatal  age.  Assessment  
of   the   correlation   between   ductal   shunt   volume   and   this   enlargement   was   investigated   by  
considering   the   relationship   between   EDV   and   the   ratio   of   MyoV/EDV.   This   ratio   was   almost  
constant  in  control   infants.  The  MyoV/EDV  was  higher  overall   in  PDA  infants  potentially  suggesting  
disproportionate   hypertrophy.   Yet   multiple   linear   regression   showed   a   significant   association  
between   increased  MyoV/EDV  and  decreased  ductal   shunt   volume   in  PDA   infants.   Indicating   that  
infants  with   lower   shunt   volumes  may   have   hypertrophic   growth  which   is  more   disproportionate  
than  infants  with  high  shunt  volumes.    
This   relationship  appears  counter   intuitive  and  warrants  examination   in  a   larger  cohort  of   infants.  
However   lower   ductal   shunt   volumes   could   be   indicative   of   high   pulmonary   vascular   resistance,  
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which  could  lead  to  increased  right  ventricular  afterload  and  subsequently  lead  to  overall  increased  
myocardial  mass  in  these  lower  shunt  volume  infants.  However  there  was  no  significant  association  
between  number  of  days  on  respiratory  support  from  birth  to  discharge  and  LV  mass  correcting  for  
cGA,  postnatal  age  and  ductal  patency.  However  this  could  be  due  to  the  small  number  of   infants  
and  the  number  of  confounding  factors.  
Studies  have  shown  that   in  response  to   increase  work  requirements  either  via  pressure  or  volume  
overload   a   rapid   increase   in   myocardial   mass   occurs.   Yet   it   is   unclear   whether   this   is   due   to  
hypertrophy  (growth  or  preexisting  myocytes)  or  hyperplasia  (an  increase  number  of  myocytes  due  
to   mitotic   division)   or   a   mixture   of   both   processes   (Dowell   et   al.   1978).   It   is   thought   that  
spontaneous  mitotic  activity   rapidly  declines  during  the   first   few  weeks  of  neonatal   life.  After   this  
period   cardiac   enlargement   due   to   increased  work   load   is   due   to   hypertrophy.   Animal   studies   in  
neonatal   and   adult   rats  where   pressure   and   volume   induced   cardiac   enlargement  was   generated  
have   shown   normal   heart   function   was   maintained   in   neonatal   rats.   This   difference   in   function  
between   adult   and   neonate   rats   may   correlate   to   the   absence   or   presence   of   cardiac   muscle  
proliferation  during  adaptive  cardiac  growth  (Dowell  et  al.  1978).  The  same  mechanisms  could  occur  
in  the  PDA  infants  involved  in  this  study  and  may  part  explain  the  maintenance  of  cardiac  function  
seen  in  this  cohort,  where  hyperplasia  is  the  main  cause  of  enlargement.  
Infants  born  premature  are  known  to  have  decreased  diastolic  function,  more  markedly  relaxation  
than  compliance   (Kozak-­‐Barany  et  al.  2001),   investigation  of   regional  myocardial   strain,   stress  and  
torsion  would  provide  a  comprehensive  assessment  of  cardiac  function.  The  preterm  and  neonatal  
heart   undergoes   significant   structural   and   functional   changes   shortly   after   birth   to   provide   the  
circulation  sufficient  for  extra-­‐uterine  life.  Assessment  of  the  structure  and  orientation  of  myofibers  
in  preterm,  neonatal   and  adult   bovine   and  human  hearts  have  demonstrated   the  plasticity  of   the  
neonatal   heart   (Chen   et   al.   2013)   (Mekkaoui   et   al.   2013).   A   progressive   increase   in   density   and  
myocyte   arrangement   has   been   shown   towards   term   (Mekkaoui   et   al.   2013).   Although   the  
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arrangement  of  myofiber  structure  into  the  helical  pattern  seen  in  adults  occurs  early  in  the  second  
trimester,   the  dense   sheet   arrangement  only  begins   after   this;   the  myocardium   is   still   developing  
after   term   (Mekkaoui   et   al.   2013).   How   this   impacts   on   cardiac   function   in   the   preterm   heart   is  
unclear.  These  areas  of  work  and  possible  future  work  are  discussed  in  more  detail  in  chapter  8.  
  
Limitations  of  the  cohort  
This   study   has   three   significant   limitations.   Firstly   a   relatively   small   number   of   PDA   infants   were  
studied   at   a   time  of   clinical   stability   outside   the   transitional   period.  Although   the   data   presented  
here  suggests  that  cardiac  function  is  maintained  even  in  infants  with  a  high  ductal  shunt  volume,  it  
may  be  that  at  other  points,  particularly  in  the  first  few  days  of  life  during  the  circulatory  transition  
where   dramatic   changes   occur   in   preload   conditions,   myocardial   contractility   and   systemic   and  
pulmonary  vascular  resistance  that  PDA  infants  may  not  be  within  this  regime.    
Secondly  data  has  only  been  presented  at  one  time  point  in  the  duct͛s  history;  there  is  no  temporal  
ĚĂƚĂŽĨƚŚĞĚƵĐƚĂůƐŚƵŶƚǀŽůƵŵĞĂŶĚƌĞƐƵůƚĂŶƚĐĂƌĚŝĂĐƐƚĂƚƵƐ͘dŚĞĚƵƌĂƚŝŽŶŽĨƚŚĞŚĞĂƌƚ͛ƐƚƌĂŶƐŝƚŝŽŶ
to  adapt  to  the  increased  volume  load  or  whether  this  enlargement  persists  long  after  the  closure  of  
the  duct   is  unknown.  Although  there  was  no  significant  association  between  EF  and  shunt  volume  
the  ventricular  dimensions  were  significantly   increased,  whether  this   increase   in  LV  mass   is  due  to  
hypertrophy  or  hyperplasia  is  difficult  to  determine  and  if  this  is  evidence  of  pathological  ventricular  
remodelling  is  unclear.  
Thirdly  due  to  the  nature  of  PDA  there  was  a  significant  difference  in  cGA  between  control  and  PDA  
infants:   there   are   relatively   few   infants   <30   week   cGA   without   a   PDA   in   this   study.   Graphic  
comparison   between   control   and   PDA   infants   was   performed   by   linear   extrapolation   of   the   95%  
confidence   limits,   it   is   feasible  that   infants  <30  weeks  cGA  without  a  PDA  do  not  follow  this   linear  
trend.  
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5.3.5  Conclusion            
In  summary  this  study  presents  data  on  left  ventricular  dimension  and  function  in  preterm  and  term  
infants  with  and  without  PDA.  From  PC  MRI  data  the  impact  of  ductal  shunt  volume  on  ventricular  
dimension   and   function   could   then   be   assessed.   LVO,   EDV   and   LV   mass   were   found   to   be  
significantly   increased   in   PDA   infants.   Moreover   a   significant   association   was   found   between  
increased  LV  mass  and  ductal  shunt  volume.  A  significant  increase  in  MyoV/EDV  was  found  in  PDA  
infants   suggesting   that   these   hearts   may   be   disproportionately   hypertrophic.   However   EF   and  
fractional  thickening  remained  within  the  normal  range  and  no  association  was   found  between  EF  
and  ductal   shunt  volume.  Furthermore  when  plotting   the  Frank  Starling  curve  all   control  and  PDA  
subjects  were  consistent  with  a  single  linear  trend  with  no  evidence  of  a  decline  that  may  indicate  
heart  failure.    
It   is   common   clinical   belief   that   large   ductal   shunt   volumes   are   associated  with   congestive   heart  
failure  and  this  plays  a  role  in  the  decision  for  forced  closure.  Yet  the  data  presented  here  suggests  
that   left   ventricular   function   is   generally   maintained   in   these   enlarged   hearts.   The   ability   to  
accurately   quantify   shunt   volume   and   associated   ventricular   dimension   and   function   provides  
valuable   insight   into  the   impact  of  the   increased  cardiac  work   load  and  volume  loading  due  to  the  
PDA.  Further  study   is  needed  to  determine  the   long  term  impact  of  this  apparent  remodelling  and  
impact  of  treatment.  
The  data  presented  in  this  study  indicates  that  global  function  is  maintained  in  the  enlarged  hearts  
of  the  PDA  infants.  However,  only  global  wall  function  and  wall  function  parameters  were  evaluated.  
The   additional   blood   volume   entering   the   pulmonary   circulation   in   PDA   infants   can   lead   to  
pulmonary  hyper-­‐perfusion  and  respiratory  problems.    However,  the  impact  of  this  increased  LVO  on  
the   pulmonary   circulation,   consequent   right   ventricular   afterload   and   right   ventricular   dimension  
and  function  was  not  assessed  in  this  study.  In  the  following  subsection  a  preliminary  study  to  first  
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evaluate  the  pulmonary  flow  in  the  presence  of  a  PDA  from  right  ventricular  volumetric  analysis  and  
secondly  to  assess  the  feasibility  of  RV  functional  analysis  from  bSSFP  stacks  is  presented.      
  
5.4  Right  Ventricular  Output,  Function  and  Pulmonary  Flow    
5.4.1  Introduction  
In   addition   to   the   systemic   hypo-­‐perfusion,   large   shunt   volumes   can   cause   pulmonary   hyper-­‐
perfusion   (Agarwal   et   al.   2007)   (Laughon   et   al.   2007).   The   extra   blood   volume   overloads   the  
immature   lungs   and   leads   to   pulmonary   hypertension;   the   RV   is   therefore   required   to   generate  
more   pressure   to   eject   the   same   volume   of   blood   into   the   pulmonary   artery,   increasing   the  
workload  on  the  side  of   the  heart  that,   in  normal   term   infants,   is  within  the   low  pressure  system.  
The   volume   of   steal   from   the   systemic   circulation  will   cumulatively   increase   the   pulmonary   flow  
(pulmonary  flow  is  further   increased  by   left  to  right  shunt  through  a  PFO,  yet  no   infant  within  this  
study  had  a  PFO  as  determined  by  echo),  the  extra  blood  flow  overloading  the  immature  lungs  is  also  
thought  to  lead  to  or  exacerbate  respiratory  pathology  seen  in  this  cohort.    
As  with  many  of  the  pathologies  associated  with  PDA,  the  relationship  between  ductal  shunt  volume  
respiratory   pathology,   status   and   outcome   is   complex.   Another   consideration   is   that   large   shunt  
volumes  are   indicative  of   low  pulmonary   resistance  and   low  shunt  volumes  are  due   to  not  only  a  
constricting   duct   but   high   pulmonary   pressure   (reducing   the   pressure   gradient   across   the   duct).  
There   is   clearly  a  multifaceted  association  between  pulmonary   flow,  ductal   shunt  volume  and   the  
association  with  RV  function  and  respiratory  status.    
The   data   presented   in   the   previous   study   indicates   that   the   left   ventricular   function   is   generally  
maintained  in  the  presence  of  a  PDA,  yet  this  ventricle  is  under  different  conditions  than  the  RV.  In  
the   situation   of   a   left   to   right   shunt   (as   in   all   the   PDA   infants   in   this   study)   the   LV   experiences  
increased   preload   due   to   the   shunt   volume,   the   same   shunt   volume   leads   to   an   increase   in   RV  
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afterload.  Whether  RV  function  is  maintained  in  preterm  PDA  infants  without  the  additional  preload  
to   generate   a   more   forceful   contraction   is   worth   investigating   and   may   provide   insight   into   the  
association  with  pulmonary  pathology.  
  
Objectives  
The  aim  of  this   initial  study  was  to  quantify  the  RVO  (and  therefore  total  pulmonary  flow)  to   infer  
pulmonary  flow  in  the  presence  and  absence  of  a  PDA  and  to  assess  the  feasibility  of  RV  functional  
analysis  from  the  existing  bSSFP  stack  protocol.    
  
5.4.2  Patient  and  Methods  
Study  cohort  
Quantification  of  total  pulmonary  blood  flow  was  carried  out  in  17  preterm  and  term  infants.  Eight  
control  infants  with  median  (range)  GA  33+6  (27+6  ʹ  39+1)  weeks,  cGA  35+6  (31+1  ʹ  40+1)  weeks,  birth  
weight   2120(765  ʹ   3050)   grams   and  weight   at   scan   2110(790   ʹ   3055)   grams  were   scanned.  Nine  
infants  with  PDA  with  median  (range)  GA  27  (24+3  ʹ  28+4)  weeks,  cGA  27+5  (27+4  ʹ  31+6)  weeks,  birth  
weight  960(530  ʹ  1400)  grams  and  weight  at  scan  1075(660  ʹ  1430)  grams  were  scanned.  PDA  was  
confirmed   by   echo   and   quantified   by   PC  MRI   (chapter   4).   Shunt   volume   ranged   between   12.1   ʹ  
74.2%  of  LVO.    
  
  Data  processing  
As  mentioned  previously  the  analysis  in  this  study  was  performed  on  the  previously  presented  bSSFP  
stacks.   From   the   existing   bSSFP   short   axis   stack   data   the   right   ventricular   endocardium   was  
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segmented  in  a  free  available  software  Segment  v1.8  R1172  (http://segment.heiberg.se)  (Heiberg  et  
al.  2010).  Endocardial  borders  were  defined  by  performing  a  detailed  manual  tracing  at  ES  and  ED  
ƚŝŵĞ ĨƌĂŵĞƐ͘  ͞ĨŝƌƐƚ ŐůĂŶĐĞ͟  ĂŶĚ ^ ƚŝŵĞ ĨƌĂme   was   chosen   from   a   mid-­‐ventricle   slice,   the  
endocardial   border   was   defined   in   each   slice   at   this   and   the   time   frame   either   side   until   the  
maximum  and  minimum  volume  was  found.  ED  and  ES  time  frames  were  then  set  to  the  maximum  
and  minimum  volumes  respectively.  Long  axis  motion  was  corrected  for  by  measuring  the  tricuspid  
value  displacement  on  a  4  chamber  pilot  scan  between  the  ED  and  ES  time  points  taking  an  average  
of  3  measures.        
In  control  infants  total  pulmonary  blood  flow  was  taken  as  the  RVO.  In  PDA  infants,  total  pulmonary  
flow  was   calculated   as   RVO   plus   ductal   shunt   volume   (as   all   PDA   infants   had   left   to   right   ductal  
shunts,  from  the  systemic  circulation  to  the  pulmonary  circulation)  determined  by  PC  MRI  (chapter  
4).  
  
Statistical  analysis  
Bland-­‐Altman  analysis  was  carried  out  to  assess  the  correlation  between  LVO  and  RVO  values  from  
stack   analysis   in   the   8   control   infants   (closure   of   the   foramen   ovale   was   determined   by   echo).  
Analysis   was   carried   out   by   a   single   observer.   Mean   difference   of   measures,   loa   and   RI   were  
calculated.  A  normative  range  of  pulmonary  flow  was  established  from  this  preliminary  data  and  the  
impact   of   PDA   was   investigated.   Although   epicardial   boarders   were   not   determined   and   hence  
myocardial   wall   thickness   and   function   could   not   be   evaluated,   the   EF   in   the   PDA   infants   was  
assessed.  
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5.4.3  Results    
Loa,  mean  difference  and  RI  for  the  Bland-­‐Altman  analysis  of  the  LVO  and  RVO  from  stack  analysis  
are  shown  in  table  5.4.1.    A  relatively  poor  agreement  was  found  (RI  =  39.4%).  
  
 
loa 
ml/min/kg 
mean difference 
ml/min/kg RI % 
LVO vs RVO -90.5 to 96.8 3.13 39.4 
  
Table  5.4.1  ʹ  Bland-­‐Altman  analysis  of  LVO  vs  RVO:  Loa,  mean  difference  and  RI  are  shown  for  the  comparison  
of  LVO  and  RVO  from  stack  analysis.  
  
The   normative   range   as   shown   in   figure   5.4.1   shows   that   pulmonary   blood   flow   is   significantly  
increased  in  PDA  infants,  with  all  but  3  above  the  upper  95%  confidence  limit.  Mean  (range)  EF  was  
found  to  be  85(77  ʹ  85)%  in  PDA  infants.    
  
Figure  5.4.1  -­‐  Pulmonary  blood  flow:  Normative  range  with  trend  line  and  95%  confidence  limits  of  pulmonary  
blood  flow  calculated  from  RVO  stack  analysis  in  17  infants  with  (෽)  and  without  (+)  PDA.  
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5.4.4  Discussion  
Segmentation   of   the   right   ventricle  was   carried  out   in   17   infants  with   and  without   PDA   to   firstly  
assess  the  feasibility  of  RV  functional  analysis  from  existing  bSSFP  stacks  and  secondly  to  calculate  
the  total  pulmonary  flow  in  the  presence  of  a  shunt.  Although  the  study  presented  in  the  previous  
subsection  to  assess  LV  dimension  and  function  contained  29  control   infants  only  8  are  presented  
here.  From  visual  analysis  of  the  RV  only  these  8  datasets  were  considered  to  provide  full  coverage  
of  the  RV  and  have  reasonable  image  quality  to  delineate  the  RV  endocardium  from  the  trabeculae.  
Due  to  the  non-­‐uniform  profile  and  thinner  myocardial  wall  thickness  of  the  RV,  it  is  often  difficult  to  
determine  RV  blood  pool   from   trabeculae   (and  possibly  moderator  band)  with   the   current   spatial  
resolution  (1x1mm)  and  slice  thickness  (4mm).  The  tricuspid  valve  often  does  not  reside  in  line  with  
the  plane  of   the  mitral  valve,  but  at  an  oblique  angle   to   it   (Levick,  Fifth  Edition,  2010,  chpt  2)  and  
consequently,  some  datasets  did  not  provide  full  coverage  of  the  RV  throughout  the  cardiac  cycle.    
There  is  still  some  disagreement  over  the  most  appropriate  2D  slice  orientation  for  segmentation  of  
the  RV  in  adults  (Schulz-­‐Menger  et  al.  2013).  Some  studies  opt  for  a  trans-­‐axial  slice  orientation  for  
better  delineation  of  the  tricuspid  valve,  while  others  use  the  short  axis  stack  used  in  this  study  for  
improved  depiction  of  the  RV  myocardial  wall  and  trabeculae.  An  additional  advantage  of  the  short  
axis  contiguous  slice  method  is  that  with  adequate  spatial  resolution  and  coverage,  both  LV  and  RV  
dimension  and  function  can  be  assessed  from  one  scan.  The  relatively  poor  agreement  found  from  
Bland-­‐Altman   analysis   of   the   comparison   between   LVO   and   RVO   from   stack   analysis   (RI   =   39.4%)  
suggests   that   the   current   bSSFP   short   axis   stack   is   not   optimal   for   RV   volumetric   and   functional  
analysis.    
The  RV  myocardium-­‐tissue  boarder  contrast  was  not  adequate  to  allow  semi-­‐automated  or  manual  
segmentation   of   the   epicardial   boarder   with   confidence,   therefore   functional   analysis   of   the   RV  
myocardium  was  not  performed.  However  from  volumetric  analysis,  EF  was  found  to  be  82.5(76.7  ʹ  
85.4)%  in  PDA  infants.  Although  this  range  is  similar  to  the  LV  EF  (75.6(62.6  ʹ  89.4)%)  and  well  above  
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the  adult  threshold  for  normal  EF  in  adults,  considering  the  above  concerns  over  accuracy,  whether  
this  indicates  that  RV  function  is  maintained  in  the  PDA  infants  in  this  study  is  unclear.    
From  the  RVO  values,  pulmonary  flow  was  then  quantified  in  an  additional  9  PDA  infants  from  the  
summation   of   RVO   and   shunt   volume   (determined   by   PC  MRI,   chapter   4).   The   normative   range  
indicates,  as  expected,  that  pulmonary  flow  is  significantly  increased  (over  10  SD  above  the  mean)  in  
the  presence  of  a  PDA  (this  data   is   referred  to   in  chapter  4).  Although  some  care   is  needed  when  
interpreting  this  data  as  the  Bland-­‐Altman  analysis  showed  relatively  poor  agreement,  it  is  clear  that  
PDA  causes  pulmonary  hyper-­‐perfusion.    
In   summary,   to   gain   a   comprehensive   understanding   of   the   impact   of   the   duct,   both   RV   and   LV  
function  needs  to  be  investigated.  However,  the  data  presented  here  demonstrates  that  the  current  
bSSFP   short   axis   stack   protocol   is   not   optimal   for   RV   volumetric   or   functional   analysis.   With  
improved  spatial  resolution  and  the  additional  information  of  the  pulmonary  flow  and  impact  of  PDA  
on   RV   function   could   be   assessed   accurately   and   provide   further   insight   into   the   association  
between  PDA,  RV  function  and  respiratory  pathology.  This  is  an  area  of  future  work  and  is  discussed  
in  more  detail  in  chapter  8.More  work  is  needed  to  this  is  discussed  in  more  detail  in  the  future  work  
section  in  chapter  8.    
  
  
5.5  Treatment  of  PDA  and  Corresponding  Cardiac  Function    
5.5.1  Introduction  
In  the  first  section  data  were  presented  suggesting  that  left  ventricular  function  may  be  maintained  
even   in   the  presence  of  high  ductal   shunt   volume   (74%  of   LVO).   In   addition   left   to   right   shunting  
provides   an   increased   left   ventricular   filling   volume   and   therefore   preload.   Subsequently,   in   the  
infants   involved   in   the   previous   study   it   appears   that   the   Frank-­‐starling   mechanism   adequately  
compensates   for   the  mechanical   disadvantage   imposed  by   Laplace's   law   in   these  enlarged  hearts.  
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Multiple   echocardiography   studies   have   been   carried   out   to   investigate   ventricular   performance  
after  surgical   ligation  of  the  PDA  (Kimball  et  al.  1996)  (Noori  et  al.  2007).  Studies  suggest  that  LVO  
was   significantly   decreased   24   hours   after   ligation   primarily   due   to   the   decrease   in   LV   preload,  
however   contractility   and   diastolic   function   did   not   change.   The   resultant   cardiac   function   after  
treatment  via  medication  is  not  so  well  documented.  The  ĚƵƌĂƚŝŽŶŽĨƚŚĞŚĞĂƌƚ͛ƐƚƌĂŶƐŝƚŝŽŶƚŽĂĚĂƉƚ
to   the   decreased   volume   load   after   ligation   or   medication   or   whether   the   left   ventricular  
enlargement  persists  long  after  the  closure  of  the  duct  is  unknown.    
  
Objective  
The  aim  of  the  initial  study  was  to  investigate  the  resultant  left  ventricular  function  after  treatment  
of  the  PDA.  
  
5.5.2  Patients  and  methods  
The  study  was  approved  by  the  North  West  London  Research  Ethics  Committee  (06/Q0406/137)  and  
written  informed  parental  consent  was  obtained  in  all  cases.    
  
Study  cohort  
Five  Infants  with  median  (range)  GA  25+3(24+3  ʹ  26+3)  weeks,  cGA  32(30+2  ʹ  35+2)  weeks,  birth  weight  
690(640   ʹ   910)   grams   and   weight   at   scan   1270(745   ʹ   2180)   grams   were   scanned.   Infants   were  
treated  for  PDA  with   ibuprofen  prior  to  the  MRI  scan  and  had  had  ductal  closure   confirmed  by  PC  
MRI  and  echocardiography.    
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Acquisition  
As   in   the   previous   study   data   was   acquired   on   a   Philips   3-­‐Tesla   MR   Achieva   scanner   (Best,  
Netherlands)  using  a   specialised  8  channel  pediatric  body   receive  coil   for   infants  above  2kg  and  a  
small  extremity  receive  coil  for  infants  below  2kg.  The  same  retrospectively  gated  free  breathing  2D  
bSSFP  short  axis  10  slice  stack  acquisition  placed  over  the  heart,  aligned  with  the  mitral  value  using  
previously  acquired  pilot  scans  was  acquired.    
  
Data  processing  
Once  more  stacks  were   segmented  and  LV   function  was  quantified  using   freely  available  software  
Segment   v1.8   R1172   (http://segment.heiberg.se)   (Heiberg   et   al.   2010).   Myocardial   borders   were  
defined  as  previously,  by  performing  a  detailed  manual  tracing  of  the  epi  and  endocardium  at  ES  and  
ED  time  frames.  Long  axis  motion  was  corrected  for  by  measuring  the  mitral  value  displacement  on  a  
4  chamber  pilot  scan  between  the  ED  and  ES  time  points  taking  an  average  of  three  measures.    From  
this   analysis   myocardial   and   ventricular   cavity   volumes   were   obtained   in   the   same   way   as   the  
previous   study.   The   6  mid   cavity   sections   from   the   17   sector   American   Heart   Association  model  
(Cerqueira   et   al.   2002)   was   employed   for   myocardial   assessment   of   ED   thickness   and   fractional  
thickening.    
  
Statistical  analysis  
Treated  infants  were  superimposed  onto  the  normative  ranges  of  LV  output  measures  LVO,  SV,  EF,  
and   ventricular   dimensions   EDV   and   LV  mass   to   visually   assess   the   impact   of   treatment   of   PDA.  
These   measures   were   also   plotted   against   postnatal   age   to   identify   if   treated   PDA   infants   were  
exposed   to   large   shunt   volumes   for   the   same   amount   of   time.   In   addition   treated   infants   were  
added   to   the   scatterplots   of   control   and  PDA  ED  myocardium   thickness   (normalized  by  weight   at  
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scan)  and  fractional  thickening  for  the  averaged  6  mid  cavity  myocardial  sections  to  investigate  the  
resultant  wall  thickness  and  function.  The  resultant  EDV  and  SV  were  plotted  on  the  Frank  Starling  
curve   to   investigate   the   relationship   between   filling   and   SV   in   treated   PDA   infants.   Finally   the  
relationship  between  MyoV/EDV  and  EDV  was  investigated  in  these  infants  and  visually  compare  to  
control  and  PDA  infants.    
  
5.5.3  Results  
In  this  initial  observational  study  5  infants  treated  for  PDA  with  ibuprofen  prior  to  the  MRI  scan  and  
had  had  ductal  closure  determined  by  PC  MRI  and  echocardiography  were  scanned.  Age,  weight  and  
treatment   information   is   given   in   table   5.5.1.   All   infants   were   determined   to   have   a   clinically  
significant   duct   via   echocardiography   before   treatment   (a   ductal   diameter   >1.5mm).   From   the  
previous   echo   analysis   in   chapter   4   ductal   diameter   had   a   significant   association   with   increased  
ductal   shunt   volume   (p   <0.001).   This   suggests   that   all   5   infants   had   large   shunt   volumes   prior   to  
treatment.  
  
GA cGA 
postnatal 
age at scan 
postnatal 
age at 
treatment 
days between 
treatment and 
scan treatment 
25+3 30+4 36 16 20 6d of ibuprofen 
25+5 30+2 32 18 14 3d of ibuprofen 
24+3 35+2 76 23 53 1d of ibuprofen 
26+3 32 39 8 31 1d of ibuprofen 
24+5 34+6 71 13 58 2d diuretics 3d of ibuprofen 
  
Table  5.5.1  ʹ  Treatment  information:  GA,  cGA,  postnatal  age  in  days  at  scan  and  at  treatment,  days  between  
treatment  and  scan  and  treatment  type  are  given  for  all  5  infants  treated  for  PDA.  
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EDV,  SV,  LVO,  LV  mass  (normalized  by  weight  at  scan),  HR  and  EF  in  treated  PDA  infants  were  plotted  
against  cGA  and  superimposed  on  the  previous  normative  range  graphs  (figure  5.5.1  a,  b,  c,  d,  e  and  
f).  A   larger  distribution  of  EDV  was  observed   in   treated  PDA   infants   than  controls.  1   infant  had  SV  
below  (2.2  SD  below  the  mean)  the  normal  range.  All  treated  PDA  infants  had  LVO,  HR  and  EF  within  
the  95%  confidence  limits.  Two  infants  had  LV  mass  above  and  1  below  the  normal  range.  
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Figure  5.5.1  ʹ  Normative   ranges:  Scatter  plots  with   trend   line  and  95%  confidence   limits  of  a:  EDV,  b:  SV,   c:  
LVO,  d:  LV  mass,  e:  HR  and  f:  EF  in  48  infants  with  (෽)  and  without  (+)  PDA  and  treated  for  a  PDA  (෽).  
  
EDV,  SV,  LVO,  LV  mass   (normalized  by  weight  at  scan)  and  EF  were  then  plotted  against  postnatal  
age   (figure  5.5.2a,  b,   c,  d  and  e).  Postnatal  ages  at   treatment  are  also  displayed  on   the   graphs  as  
dotted   lines.   This   indicates   that   these   5   infants   were   treated   outside   the   transitional   period   at  
around  the  same  postnatal  age  that  the  previous  PDA  infants  were  scanned.  Again  the  distribution  
of   EDV   is   larger   in   the   treated  PDA   infants   than   controls.   SV  and   LVO  are  maintained   in   all   but   1  
infant.  Two  infants  have  LV  mass  above  the  normal  range.  However  EF  is  maintained.  
  
50
60
70
80
90
100
25 30 35 40
EF
  %
  
cGA  at  scan  (weeks)  
f  
0
2
4
6
8
0 20 40 60 80
ED
V  
m
l/
kg
  
postnatal  age  (days)  
a  
184  
  
  
  
  
0
1
2
3
4
5
0 20 40 60 80
SV
  (m
l/
kg
)  
postnatal  age  (days)  
b  
0
250
500
750
0 20 40 60 80
LV
O
  (m
l/
kg
/m
in
)  
postnatal  age  (days)  
c  
0
1
2
3
4
0 20 40 60 80
LV
  m
as
s  g
/k
g  
postnatal  age  (days)  
d  
185  
  
  
Figure  5.5.2  ʹ  Postnatal  normative  ranges:  Scatter  plots  with  trend  line  and  95%  confidence  limits  of  a:  EDV,  b:  
SV,  c:  LVO,  d:  LV  mass,  e:  EF  plotted  against  postnatal  age  in  48  infants  with  (෽),  without  (+)  and  treated  for  a  
PDA  (෽).  
  
Fractional   thickening   Scatterplots   show   ED   thickness   normalized   by  weight   at   scan   and   fractional  
thickening  for  the  6  mid  cavity  sections  in  control,  PDA  and  treated  PDA  infants  (figure  5.5.3a  and  b).  
ED  thickness  and  fractional  thickening  appear  to  be  within  the  control  distribution.  
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Figure  5.5.3  ʹ  Myocardial  wall  analysis:  a:  ED  wall   thickness  and  b:   fractional   thickening   in   infants  with   (෽),  
without  (+)  and  treated  for  PDA  (෽).  
  
The  group  estimated  Frank  Starling  curve  showed  that  the  infant  with  the  largest  EDV  deviated  away  
from  the  linear  trend  (figure  5.5.4).  
  
  
Figure  5.5.4  ʹ  Frank  Starling  curve:  Population  starling  curve  for   infants  with  (෽),  without  (+)  and  treated  for  
PDA  (෽).  
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The   ratio   of  MyoV/EDV  was   plotted   against   EDV   and   2   infants  were   outside   the   normal   range,   1  
above  and  1  below  (figure  5.5.5).    
  
  
Figure  5.5.5  ʹ  Measure  of  hypertrophy:  Normative  range  of  MyoV/EDV  ratio  against  EDV   in   infants  with   (෽),  
without  (+)  and  treated  (෽)  PDA.  
  
5.5.4  Discussion  
Cardiac  output  is  known  to  decrease  after  surgical   ligation  (Kimball  et  al.  1996)  (Noori  et  al.  2007),  
however  the  resultant  cardiac   function  after   treatment  via  medication   is  not  so  well  documented.  
The   ĚƵƌĂƚŝŽŶ ŽĨ ƚŚĞ ŚĞĂƌƚ͛Ɛ ƚƌĂŶƐŝƚŝŽŶ ƚŽ ĂĚĂƉƚ ƚŽ ƚŚĞ decreased   volume   load   after   ligation   or  
medication  or  whether  the  left  ventricular  enlargement  persists  long  after  the  closure  of  the  duct  is  
unclear.  This  initial  study  presents  additional  left  ventricular  volumetric  and  functional  analysis  data  
in  5   infants  who  were   treated   for  PDA.  All   five   infants  were   treated  with   ibuprofen   for  what  was  
considered   a   significant   duct   (>1.5mm   diameter   as   assessed   by   echocardiography),   outside   the  
transitional  period  and  had  ductal  closure  determined  by  echo  and  PC  MRI.  Data  from  the  previous  
section  were   used   to   compare   and   assess   the   resultant   output   and   functional  measures   in   these  
treated  infants.      
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Protocol  considerations  and  limitations  
Ductal  shunt  volume  was  not  quantified  by  PC  MRI  before  treatment  was  given;  hence  the  volume  of  
left  ventricular  overload  due  to  the  PDA  was  not  known.  However  as  mentioned  above  all  5  infants  
had   a   duct   diameter   >1.5   mm   prior   to   treatment.   Furthermore   a   strong   association   was   found  
between   ductal   diameter   and   shunt   volume   from   the   echocardiography  measure   analysis   in   the  
previous  study.  In  addition  the  treatment  of  these  5  infants  was  during  the  same  post  natal  age  time  
window  as  the  observation  point  used  to  study  the  infants  that  still  had  a  PDA  in  the  previous  study.  
Median   (range)   postnatal   age   for   treated   and   PDA   infants   was   16(8-­‐23)   days   and   18(8-­‐69)   days  
respectively.  This  would  suggest  that  these  infants  had  high  shunt  volume  and  therefore   increased    
SV  and  enlarged  LV     prior   to   treatment  and   that   these  5   infants  endured   large  shunt  volumes   for  
around  the  same  duration  as  the  PDA  infants  before  they  were  treated.  From  these  assumptions  the  
comparison   between   control,   treated   and   PDA   infants  was  made.   However,   this   study  was   not   a  
longitudinal   study,   population   information   about   ductal   shunt   volume   and   resultant   function   are  
presented  from  one  time  point  only.  Consequently  the  discussion  presented  here  aims  to  consider  
the   observations   seen   from   these   preliminary   data,   with   the   significant   limitations   stressed   and  
deliberate  future  areas  of  study.  However  this  study  does  indicates  the  impact  of  treatment  on  left  
ventricular   dimension   and   function   and   emphasizes   the   need   for   further   investigation   to   aid  
targeted  treatment.      
  
Results  and  possible  significance  
As  expected  all  of  the  5  infants  had  LVO  below  the  upper  confidence  limit  post  treatment.  In  general  
the  LVO  measures  of  LVO  and  SV  appeared  reduced  in  the  treated  PDA  cohort  compared  to  the  PDA  
group.   The   distribution   of   EDV,   LV   mass   and   MyoV/EDV   was   larger   in   treated   PDA   infants   than  
controls  with  2  above  the  normative  range,  however  EF  was  maintained.  Without  longitudinal  data  
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the   clinical   significance   of   this   cannot   be   determined.   ED   thickness   and   fractional   thickening  
appeared   to   reside   within   the   control   range.   If   the   previous   assumption   is   made   that   prior   to  
treatment  left  ventricular  blood  volume  was  significantly  increased  then  treatment  of  the  duct  may  
have  reduced  the  resultant  enlargement  seen  in  the  PDA  infants.    
  One  infant  treated  for  PDA  appeared  below  the  linear  trend  on  the  Frank  Starling  population  curve.  
This  may  suggest  that  in  some  infants  with  larger  left  ventricles  with  absence  of  a  large  preload  the  
Frank  Starling  mechanism  is  not  adequate  to  compensates  for  the  mechanical  disadvantage  imposed  
by   Laplace's   law   at   the   time   of   the   scan.      However,   it   should   be   remembered   that   PDA,   its  
association  with  pathologies  and  outcome  are  multifactorial.    
Multiple   echocardiography   studies   have   been   carried   out   to   investigate   ventricular   performance  
after   surgical   ligation   (Kimball   et   al.   1996)   (Noori   et   al.   2007)   and   suggest   that   although   LVO   is  
significantly  decreased  in  the  first  24  hours,  contractility  and  diastolic  function  are  unchanged.  The  
resultant  cardiac  function  after  treatment  via  medication  is  not  so  well  documented.  The  duration  of  
ƚŚĞ ŚĞĂƌƚ͛Ɛ ƚƌĂŶƐŝƚŝŽŶ ƚŽ ĂĚĂƉƚ ƚŽ ƚŚĞdecreased  volume   load   after   treatment  or  whether   the   left  
ventricular   enlargement  persists   long  after   the   closure  of   the  duct   is  unknown.   In   addition   recent  
broader  studies  in  both  humans  and  animals  (Bensley  et  al.  2010)  (Lewandowski  et  al.  2012)  suggest  
that   prematurity   leads   to   remodelling   of   the   myocardium   which   alters   its   final   structure   in  
adulthood.  This  study  indicates  that  further  investigation  is  needed  to  fully  understand  not  only  the  
impact  of  prematurity  but  the  temporal  nature  and  extent  of  remodelling  in  the  presence  of  a  PDA  
and  how  the  heart  then  adapts  after  treatment.  
In   summary   the   work   in   this   chapter   demonstrates   the   feasibility   of   assessing   left   ventricular  
dimensions  and  function   in  preterm  and  term   infants.     The  techniques  and  work  presented   in   this  
chapter   could   be   employed   to   perform   a   longitudinal   study   to   quantify   ductal   shunt   volume   and  
resultant  left  ventricular  function  prior  to  and  after  treatment.    
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Chapter  6  
  
Neonatal  Cardiovascular  Hemodynamics:  4D  PC  MRI  
  
In  the  following  chapter  4D  PC  MRI   is  utilized  to  visualize  aortic   flow  patterns   in  the  presence  and  
absence  of  a  PDA.  The  flow  field  was  observed  by  generating  particle  traces  and  velocity  vectors  at  
specific  locations  along  the  aorta  in  preterm  infants  with  and  without  PDA.  Observed  neonatal  flow  
characteristics   are   then   compared   to   previously   reported   adult   data.   The   limitations   and  possible  
future  work  are  then  discussed.  
  
6.1  4D  PC  MRI  
6.1.1  Introduction    
Two   dimensional   PC   imaging   is   a   fundamental   tool   in   cardiac  MRI   assessment   protocols,   used   to  
quantify  blood  flow  and  cardiac  and  valve  function  (Gatehouse  et  al.  2005)  (Markl  et  al.  2012a).  4D  
PC  MRI   (3  dimensional  data  with  time  resolved  velocity  encoding   in  all  3  spatial  directions)   allows  
retrospective  analysis  of  the  hemodynamics  of  any  anatomical  location  within  the  entire  volume  of  
interest   (Markl   et   al.   2012a).   This   kind   of   comprehensive   dataset   has   been   utilized   to   not   only  
quantify  blood   flow  but   to  visualize   the  complex  3  dimensional   flow  patterns  present   in   the  extra  
cardiac   vasculature.   In   addition   hemodynamic   biomarkers   such   as   pulse  wave   velocity,  wall   shear  
force,  pressure  gradients  and  the  presence  of   turbulence  have  all  been  analysed   (Dyverfeldt  et  al.  
2009)  (Frydrychowicz  et  al.  2009)  (Markl  et  al.  2010).  Yet  it  is  only  recently  that  4D  PC  MRI  has  been  
utilized   in   the   clinical   setting.   Initiated   by   early   work   of   Kilner   et   al.   1993,   Firmin   et   al.   1993,  
Buonocore  et  al.  1998  and  many  others,  and  the  introduction  of  acceleration  techniques,  faster  post  
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processing   and   data   analysis   tools   have   aided   the   translation   of   4D   PC   MRI   into   the   clinical  
environment.  
A   4D   PC   data   set   represents   the   full   time   resolved   blood   flow   velocity   vector   field   within   the  
acquired  cardio-­‐vasculature  of  interest.  The  blood  flow  is  characterized  by  the  3  dimensional  velocity  
vector   field   via   the   visualization   of   particle   traces.   Particle   traces   are   the   3D   time   resolved  
trajectories  of  a  fluid  element  (massless  particle)  in  the  blood  flow  field  over  a  certain  period  of  time,  
i.e.  the  cardiac  cycle.  Therefore  the  temporal  evolution  of  the  flow  field  over  the  averaged  multiple  
cardiac  cycles  that  make  up  the  time  resolved  4D  PC  dataset  can  be  observed  (Kilner  at  al,  2000).    
The   complex   flow   patterns  within   the   healthy   adult   aorta   that   include   the   rotational   flow   in   the  
ascending   aorta   and   arch   in   late   systole   have   been   visualized   and  well   documented   (Kilner   et   al.  
1993)  (Markl  et  al.  2004).  Studies  of  the  aorta  in  patients  with  cardiovascular  pathology  have  found  a  
correlation  between  abnormal  flow  patterns  and  secondary  vascular  parameters  such  as  wall  shear  
stress.   It   is   thought   that   these   aberrant   flow   patterns  may   lead   to,   or   exacerbate   cardiovascular  
disease  (Weigang  et  al.  2008).    
Successful  translation  of  4D  PC  MRI  to  the  neonatal  population  would  allow  a  comprehensive  study  
of   the   cardiovascular   flow   patterns   present   in   preterm   infants   and   hemodynamic   impact   of  
prematurity  and  the  PDA.  The  flow  pattern  within  the  duct  can  vary  over  the  cardiac  cycle  due  to  the  
varying   pressure   gradient   across   the   duct   from   systole   to   diastole   (Skinner,   2001).   In   addition  
turbulent  blood  flow  is  present  at  bifurcations  and  sharp  bends  within  the  vasculature  (Dyverfeldt  et  
al.  2008).  Whether  the  additional  shunt  volume,  shunt  flow  pattern    and  bifurcation  of  the  duct  at  
the  inferior  wall  of  the  aortic  arch  creates  turbulent  flow  regimes  that  disrupt  the  efficient  transport  
of  blood  within  the  aorta  is  unknown.  
Translating  standard  4D  PC  MRI  sequences  to  this  population   is  problematic  due  to  the  size  of  the  
infant͛s   vessels.   This  necessity   for   high   spatial   resolution   to  accurately   visualize   and  quantify   flow  
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characteristics  leads  to  long  scan  times  which  are  unfavourable  in  this  non  cooperative  population.  
In  addition  the  use  of  acceleration  techniques  is  limited  owing  to  the  low  SNR  due  to  patient  size  and  
inability  to  use  contrast  enhancement   in  these  fragile   infants.  Hence  the  strategy  employed  in  this  
thesis   has   been   to   minimise   the   likelihood   of   movement   and   maximise   the   available   signal   via  
dedicated  pre-­‐scan  preparation  (Merchant  et  al.  2009)  and  small  receiver  coils.    
  
Objectives    
The   aim   of   this   study   was   to   assess   the   feasibility   of   4D   PC   MRI   to   aid   the   investigation   of  
cardiovascular  hemodynamics  in  preterm  infants  in  the  absence  and  presence  of  PDA.    
  
6.1.2  Patients  and  Methods    
The  study  was  approved  by  the  North  West  London  Research  Ethics  Committee  (06/Q0406/137)  and  
written  informed  parental  consent  was  obtained  in  all  cases.    
  
Study  cohort  
4D  PC  Cardiac  MRI  was  performed  in  9  infants  with  median  (range)  gestational  age  (GA)  26(25+3  ʹ  32)  
weeks,  corrected  GA  (cGA)  32+2(30+4  ʹ  36+5)  weeks,  birth  weight  875(560  ʹ  1740)  grams  and  weight  
at   scan   1275(875   ʹ   2065)   grams,  ǁŚŽ ǁĞƌĞ ŝŶƉĂƚŝĞŶƚƐ Ăƚ YƵĞĞŶ ŚĂƌůŽƚƚĞ͛Ɛ ĂŶĚ helsea   and   St  
dŚŽŵĂƐ͛,ŽƐƉŝƚĂůs.  All  infants  were  scanned  with  acoustic  ear  protection,  pulse  oximetry,  vector  ECG  
monitoring  and  without  sedation  or  anaesthesia  (Merchant  et  al.  2009).    Seven  infants  required  low  
flow   supplemental   oxygen   or   nasal   continuous   positive   airway   pressure   via   an   MR   compatible  
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system   but   all   infants   were   stable   and   tolerating   full   enteral   feeds   during   the   scan.   None   of   the  
infants  were  mechanically  ventilated  during  the  scan.    
  
Acquisition  
Scans  were  performed  on  a  Philips  3T  MR  Achieva  scanner  (Best,  Netherlands)  using  a  specialised  8  
channel   pediatric   body   receive   coil   for   infants   above   2kg   and   a   small   extremity   receive   coil   for  
infants  below  2kg.  4D  PC  sequences  (retrospective  gating,  spatial  resolution  =  1mm  isotropic,  TR/TE  
=   5.6/3.1ms   and   cardiac   phases   =   20)  were   aligned   sagittal   oblique   providing   full   coverage  of   the  
aortic   arch.   Pilot   scans  of   the   aorta   aligned   sagittal   oblique   and  of   the  ascending   and  descending  
aorta  aligned  in  the  transverse  plane  at  the  level  of  the  pulmonary  bifurcation  were  used  to  plan  the  
position  of  the  4D  PC  MR  sequence  (figure  6.1.1).  The  3  directional  velocity  encoding  was  calibrated  
for  the  range  of  ±150cms-­‐1  and  acquisition  time  ranged  between  7  and  15  minutes  depending  on  size  
of   field   of   view   and   heart   rate   of   the   infant.   To   assess   agreement   between   4D   and   2D   PC  
acquisitions,   LVO  and  DAo  blood   flow  were   also  quantified   just   above   the  aortic   valve   and  at   the  
level  of  the  diaphragm  with  2  2D  PC  sequences  (spatial  resolution  =  0.6mm  in  plane,  slice  thickness  =  
4mm,  TR/TE  =  5.9/3.1ms,  VENC  =  ±120/150ms-­‐1  and  cardiac  phases  =  20)  (for  full  details  see  chapter  
4).   No   undersampling   or   respiratory   compensation   techniques   were   used.   The   2D   and   4D   PC  
sequences  were  acquired  ~20  minutes  apart.  Scan  parameters  are  shown  in  table  6.1.1.  
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Figure  6.1.1  ʹ  Placement  of  the  4D  PC  MRI  sequence:  One  of  the  pilot  sequences  used  to  plan  the  position  of  the  
4D   PC  MRI   sequence   aligned   in   the   transverse   plane   at   the   level   of   the   pulmonary   bifurcation   is   shown.   A  
schematic  of  the  4D  PC  volume  is  shown  in  red.    
  
Scan 
spatial 
resolution 
(mm) cp FOV (mm) 
TR/TE 
(ms) 
flip 
angle 
(degree
s) 
PE 
directio
n NSA VENC cm/s 
scan 
duration 
(mins) 
4D PC 
1x1x1 20 
FH = 80 
AP = 80-100 
RL = 11-17 5.9/3.1 5 AP/RL 1 
150 uniform 
for all 
directions 7-15 
  
Table  6.1.1  4D  PC  MRI  scan  parameters  
  
Data  processing  
Firstly   the   freely   available   pre-­‐processing   software   velomap_tool   (Bock   et   al.   2007)   was   used   to  
generate  a  pseudo  angiogram.  The  absolute  velocity  data  were  weighted  with  the  magnitude  image  
to   generate   a   time   resolved   4D   PC   angiogram.   A   time   independent   3D   PC   angiogram   was   then  
generated  from  the  squared  sum  of  the  individual  4D  PC  angiography  datasets  to  enhance  velocity  
and  supress  noise  within  the  data  (Bock  et  al.  2007).  This  was  then  exported  with  the  4D  PC  dataset.  
198  
  
An   isosurface   volume   rendering   (a   surface  of   constant   value   in   the  3  dimensional   sum  of   squares  
velocity   field)  of   the  aorta  was  generated  from  the  3D  PC  angiogram  using  commercially  available  
software   (EnSight;   CEI,   Apex,   NC,   USA)   (figure   6.1.2).   This   gave   a   visualization   of   the   vascular  
morphology  within  the  3D  volume  and  was  used  to  determine  the  location  of  clip  planes  orthogonal  
to  the  aortic  lumen  for  flow  quantification  and  seed  regions  for  pathlines.  Using  this  software  it  was  
also  possible  to  unwrap  any  pixels  that  had  aliased  due  to  the  true  velocity  exceeding  the   imaging  
parameter  VENC.  A  small  fraction  of  the  lumen  was  aliased  in  2  dataset  in  the  DAo  at  peak  systole,  
aliased   velocity   was   corrected   by   manually   selecting   the   aliased   pixels   and   unwrapping   them  
(equation  6.1)  (Bock  et  al.  2007).  
  
௠ܸ௔௫ ൌ  ௔ܸ௟௜௔௦௘ௗ െሺܵ݅݃݊௏௔௟௜௔௦௘ௗ כ ʹ כ ܸܧܰܥሻ                                                                                                                                                                              (6.1)  
Where  Vmax  is  the  recovered  velocity  value  and  Valiased  is  the  aliased  velocity.  This  is  accurate  provided  
Vmax  does  not  exceed  2*VENC.  
  
The  clip  planes  were  exported  and  flow  was  then  quantified  at  these  locations  using  a  matlab  based  
software  tool  flow_tool  (Stalder  et  al.  2008),  (MathWorks  Matlab).  The  vessel  of  interest  was  tracked  
over   all   cardiac   phases   and   flow   was   then   calculated   at   each   time   point   of   the   cardiac   cycle   by  
manual  segmentation  of  the  vessel  lumen.    
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Figure  6.1.2  ʹ  Visualization  of  the  cardio  vasculature:  An  iso-­‐volume  rendering  of  the  aorta  generated  from  the  
pseudo  sum  of  squares  angiogram  in  a  1.3  kg  infant.  The  major  vessels  such  as  the  SVC,  PA,  LPA,  aorta,  celiac  
trunk,  SMA  and  left  ventricular  outflow  tract  (LVOT)  are  clearly  visible.      
  
The  angiogram  depicting  vessel  morphology  and  particle  traces  within  the  aorta  were  visualized  in  all  
cases.   The  PDA  could  be   resolved   and  visualized   in   the  2  of   the      5  PDA   infants   (P1  and  P2).  Both  
these  infants  had  high  ductal  shunt  volumes  over  33%  of  LVO  as  determined  by  2D  PC  MRI  (chapter  
4).  The  duct  and  ductal  flow  could  not  be  visualized  in  the  infants  with  low  shunt  volume.  The  work  
in  this  chapter  focuses  on  a  comparison  between  a  control  and  1  of  the  large  ductal  shunt  volume  
PDA  infants  (P1)  to  compare  flow  fields  in  the  presence  and  absence  of  a  PDA.  Particle  traces  of  the  
blood  flow  field  within  the  control  and  PDA  preterm  aorta  were  visualized  within  Ensight   (EnSight;  
CEI,  Apex,  NC,  USA).    These  2  infants  were  chosen  for  the  comparison  of  particle  traces  due  to  the  
closely  matched   GA   and   cGA.   Vessel  morphology   and   velocity   data   from   the   second   large   shunt  
volume   PDA   infant   (P2)   is   presented   in   the   discussion   to   highlight   features   of   aortic   flow   in   the  
presence  of  a  PDA.  
Seven  clip  planes  were  positioned  along  the  aorta,  2  within  the  ascending  aorta  (AAo),  3  within  the  
arch  and  2  in  the  DAo  (figure  6.1.3  shows  the  3  regions  where  the  clip  planes  where  positioned).  The  
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position  of  each  clip  plane  was  determined  visually.  The  vessel  lumen  was  then  segmented  from  the  
velocity   information  within   the   clip   plane  with   a   circular   region   of   interest.   Five   hundred   particle  
traces  were  then  seeded  from  the  7  circular  clip  planes  during  systole  and  diastole.    Velocity  vectors  
at  each  clip  plane  were  then  created  to  observe  flow  characteristics  at  peak  systole  (the  3rd  cardiac  
phase   in   these   2   infants).   Clip   planes  were   interpolated   to   provide   a   reconstructed   resolution   of  
0.25x0.25mm  providing  16  velocity  vectors  per  original  pixel.  
  
  
Figure  6.1.3  ʹ  Analysis  regions  along  the  aorta:  AAo  (red),  arch  (green)  and  DAo  (blue)  regions  of  the  aorta  are  
visually   defined   from   the   isosurface-­‐volume   rendering   of   the   sum  of   squares   of   the   velocity   data   in   a   1.6kg  
infant.    The  aorta  is  shown  against  the  anatomical  magnitude  data  where  the  diaphragm  and  spine  can  clearly  
be  depicted.  
  
Statistical  analysis  
Blood  flow  was  quantified   in  the  ascending  aorta   just  above  the  aortic  valve   in  the   left  ventricular  
outflow   tract   and   in   the   DAo   at   the   level   of   the   diaphragm   (figure   6.1.4)   from   2D   and   4D   PC  
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sequences.  Bland-­‐Altman  analysis  was  carried  out  to  assess  agreement  between  LVO  and  DAo  blood  
flow  quantified  from  2D  and  4D  PC  sequences.  Mean  difference,  loa  and  normalized  loa  (loa/mean  
of  measures)  were  calculated.  
  
Figure  6.1.4  ʹ  4D  Flow  quantification:  The   location  of   the  clip  planes  to  quantify  blood  flow   in   the  ascending  
aorta  just  above  the  LVOT  and  in  the  DAo  at  the  level  of  the  diaphragm  are  shown  in  relation  to  the  angiogram  
in  Ensight  (EnSight;  CEI,  Apex,  NC,  USA).    
  
  
6.1.3  Results  
4D  datasets  were  acquired   in  9  preterm  and   term   infants  with  median   (range)  GA  26+3(25+3  ʹ   32)  
weeks,  cGA  32(30+4  ʹ  36+5)  weeks,  birth  weight  895(680  ʹ  1740)  grams  and  weight  at  scan  1330(875  
ʹ  2065)  grams.  5  infants  had  PDA  confirmed  by  echo  and  shunt  volumes  ranged  from  12.1  ʹ  52.7%  of  
LVO  (quantified  by  PC  MRI,  see  chapter  4)  as  shown  in  table  6.1.2.    
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GA cGA BW grams 
Wt at scan 
grams 
PDA % of 
LVO 
27+2 31+6 895 1215 12.1 
25+3 30+4 850 875 15.4 
26+3 32 1000 1430 15.9 
24+6 31+1 720 1130 43.5 
25+4 31+6 680 1125 52.7 
  
Table  6.1.2  ʹ  PDA  infants:  GA,  cGA,  birth  weight  (BW),  weight  (Wt)  at  scan  and  ductal  shunt  volume  as  a  %  of  
LVO  in  4  infants  with  PDA.    
  
Comparison  of  2D  vs  4D  PC  flow  measurements  
Due  to  subject  unrest  the  DAo  2D  PC  sequences  was  not  acquired  in  1  infant  as  the  MR  exam  was  
ended   early.   Therefore   Bland-­‐Altman   variability   analysis   between   2D   and   4D   PC   sequences   was  
carried  out   in  9  LVO  and  8  DAo  measurements.  Both  showed  good  agreement  (figure  6.1.5).  Table  
6.1.3  shows  the  mean  flow,  loa  normalized  loa  and  mean  difference  in  ml/min  and  as  a  %  of  LVO  and  
DAo  measures.    Bland-­‐Altman  analysis  of  heart  rate  (HR)  measurements  between  the  4D  and  2  2D  
LVO  and  DAo  sequences  are  also  shown  to  demonstrate  the  physiological  variation  between  scans.    
  
  
 
mean  loa  Norm loa mean difference  
mean difference 
% 
LVO ml/min 420 -36.7 ± 79.7 13.9 21.5 5.1 
DAo ml/min 212 -42.1 ± 40.6 19.5 -0.8 -0.4 
HR LVO bpm 158 2 ± 13 3 8 5 
HR DAo bpm 159 -9 - 21 9 6 4 
  
Table  6.1.3  ʹ  Bland-­‐Altman  analysis:  Mean,  loa,  normalized  loa  and  mean  difference  values  from  Bland-­‐Altman  
analysis  of  2D  and  4D  PC  LVO  and  DAo  flow  measurements.  Bland-­‐Altman  analysis  was  also  carried  out  on  the  
HR  measurements  from  the  4D  and  2  2D  scans.  HR  LVO  represents  the  comparison  between  the  single  4D  and  
LVO  2D  scans;  HR  DAo  represents  the  comparison  between  the  single  4D  and  DAo  2D  scans.    
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Figure  6.1.5  ʹ  Agreement  between  4D  and  2D  PC  flow  measurements:  Bland-­‐Altman  analysis  between  a:  LVO  
and  b:  DAo  flow  measures  from  2D  and  4D  PC  acquisitions.  Black  lines  denote  the  mean  difference  and  loa.  
  
  
Aortic  hemodynamics:  visualization  of  flow  patterns  
Aortic   flow  characteristics  were  visualized   in  an   infant  with  a   large  ductal   shunt  volume   (43.5%  of  
LVO   as   determined   by   2D   PC   MRI,   chapter   4)   and   a   control   infant   to   compare   blood   flow  
characteristics  in  the  presence  and  absence  of  PDA.  GA  25+3,  24+6  weeks,  cGA  30+4,  31+1  weeks,  birth  
weight  805,  720  grams  and  weight  at  scan  960,  1130  grams  respectively.  The  PDA  infant  was  due  for  
surgical  ligation  that  was  carried  out  1  day  after  the  MRI  scan.  However,  at  the  time  of  scan  upper  
and  lower  body  flow  remained  within  the  normal  range  established  in  chapter  4.  The  control  infant  
was  chosen  for  the  comparison  due  to  the  closely  matched  GA  and  cGA.    
Particle   traces  were  determined  to  depict   the  aortic  blood  flow  field   in   the  control   (Figure  6.1.6a)  
and  PDA  infant  (P1)  (figure  6.1.6b)  at  peak  systole  (40  ʹ  80ms  after  the  R  wave).  In  both  cases  the  
aorta   has   been   rotated   around   the   head-­‐foot   axis   to   view   the   flow   field   from   4   angles   and   aid  
visualization.  Peak  velocity  within  the  aorta  is  seen  to  be  slightly  higher  in  the  PDA  infant.  In  figure  
6.1.6b  low  left  to  right  shunting  through  the  PDA  during  peak  systole  can  be  visualized.  
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Figure   6.1.6   ʹ   Aortic   blood   flow   field:   The   aorta   and   pulmonary   vessels   are   shown   with   the   aid   of   the  
angiogram.   Particle   traces   seeded   from   7   locations   along   the   arch   and   within   the   pulmonary   trunk   allow  
visualisation  of  the  cradiovacular  blood  flow  field  during  peak  systole  (40-­‐80ms  of  cardiac  cycle)  in  a:  a  control  
infants  and  b:  in  P1  PDA  infant.  the  colour  of  the  particle  traces  signifies  the  velocity.  In  both  cases  the  arch  has  
been  rotated  around  the  head-­‐  foot  axis  to  allow  visualization  of  the  3  dimensional  flow  field  within  the  aorta  
and  RPA  and  LPA.  The  PDA  is  very  tortuous  and  leaves  the  aorta  in  the  proximal  DAo.  There  is  low  left  to  right  
shunting  through  the  PDA  durring  peak  systole.      
  
Particle   traces  were  then  seeded   from  the  same   locations  as  before  during  diastole   (200  ʹ   240ms  
after  the  R  wave)  in  the  PDA  infant.  Three  views  are  shown  to  depict  the  tortuous  morphology  of  the  
duct  (figure  6.1.6b).  Particle  traces  were  seen  to  flow  from  the  aortic  arch  into  the  duct  (figure  6.1.7)  
indicating  that  preferential  steal  through  the  duct  is  from  the  arch  and  not  the  descending  aorta  in  
this  particular  PDA  infant.  Flow  within  the  ascending  aorta  is  shown  to  be  slow  and  non-­‐laminar  in  
mid  diastole.  A  helical  rotational  flow  pattern  within  the  right  pulmonary  artery  can  be  seen  during  
diastole.    
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Figure  6.1.7  ʹ  Visualization  of  a  ductal  shunt:  the  angiogram  displays  the  aorta  and  pulmonary  vessels.  Aortic  
and  pulmonary  blood  flow  during  a:  systole  and  b:  diastole  is  visualized  with  Particle  traces,  the  colour  signifies  
the  velocity  of  each  particle  trace.  Low  left  to  right  shunting  through  the  duct  is  apparent  during  systole.  During  
diastole  chaotic,  slow  flow  is  visible  throughout  the  AAo  and  arch,  however  particle  traces  can  clearly  be  seen  
flowing  from  the  aortic  arch  and  into  the  duct  at  the  proximal  DAo.  This   is  expected  as   the  decrease   in   right  
ventricular  pressure  during  diastole  maximizes  the  pressure  gradient  across  the  duct,  facilitating  ductal  blood  
flow.   Again   the   aorta   has   been   rotated   about   the   z   axis   to   allow   visualization   of   the   3   dimensional   flow  
patterns.  bii:  The  tortuous  morphology  of  the  duct  can  be  seen.  biii:  Rotational  flow  is  observed  in  the  RPA.  
  
Nature  of  flow  patterns:  comparison  between  and  control  and  PDA  infant  
3D   blood   flow   characteristic   within   the   aorta   are   thought   to   be   strong   indicators   for   the  
cardiovascular   health   of   adult   individuals   (Lorenz   et   al.   2012)   (Morbiducci   et   al.   2011).   Through  
particle   traces   the   time   resolved   trajectories  of   a  massless   particle   in   the   blood   flow   field   can   be  
visualized.  As  this   is   the  temporal  evolution  of   the  entire   flow  field  over   time  the  spatially  varying  
characteristics   of   flow   across   the   lumen   can   be   difficult   to   assess.   From   visualization   of   velocity  
vectors  produced  at   the  7  clip  plane   locations  at  peak  systole   (3rd  cardiac  cycle   in   these  2   infants)  
peak  flow  characteristics  within  the  AAo,  arch  and  DAo  could  be  observed.    
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Figures  6.1.8a/b  show  the  location  of  the  clip  planes  and  corresponding  velocity  vectors  for  the  peak  
systolic  cardiac  phase  in  the  2  previous  control  and  PDA  infants.  Two  clip  planes  lie  within  the  AAo,  3  
within  the  arch  and  2  within  the  DAo  in  both  infants.  Velocity  vector  images  (figure  6.1.8  aii-­‐aviii  and  
bii-­‐bviii)   are   orientated   with   the   subject   head-­‐foot   direction   along   the   vertical   axis   from   top   to  
bottom  and  the  subject  left-­‐right  running  along  the  horizontal  axis  left  to  right.  Direction  of  flow  is  
then  directed  out  of  the  page  so  that  the  observer  is  looking  back  along  the  aorta  towards  the  LVO.  
The   colour   and   length  of   the   velocity   vectors  depict   the  magnitude  of   the   speed  of   flow  at   this   1  
particular  time  point  within  the  cardiac  cycle.  Velocity  vectors  were  visualized  in  all  9  infants  in  this  
manner,  data  from  the  further  7   infants  are  shown  in  the  supplementary  material   in  the  appendix  
6.1.      
  The  velocity  field  within  the  proximal  AAo  (figure  6.1.8  a/b  ii)  appears  somewhat  laminar  with  faster  
flow  within   the  centre  of   the   lumen   in  both   infants.  The  velocity   field   in   the  distal  AAo   (a/b   iii)   is  
marginally  chaotic  as  the  beginning  of  rotational  flow  forms.  The  velocity  field  within  the  arch  (a/b  iv  
ʹ  vi)  shows  a  clockwise  (with  respect  to  the  direction  of  flow)  helical  flow  pattern  (a  corkscrew-­‐like  
motion  along  the  principal  direction  of  flow)  in  both  the  PDA  and  control  infant.  In  the  control  infant  
the  fastest   leading  edge  of  the  helical   flow  pattern   is  at  the  superior  wall  of  the  arch.  This   leading  
fast  outside   flow   then   rotates   around   to   the   inferior  wall  of   the  aorta  by   the  proximal  DAo   (avii),  
becoming  more  laminar  at  the  distal  DAo  (a  viii).  This  helical  flow  appears  to  rotate  faster  in  the  PDA  
infant,  with  the  leading  edge  rotating  from  the  superior  wall  to  inferior  wall  of  the  aorta  within  the  
length  of  the  arch  (b  iv  ʹ  vi)  becoming  more  laminar  in  the  proximal  DAo  (b  vii).    
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Figure   6.1.8a   ʹ   Flow   patterns   within   a   healthy   preterm   infant:   ai:   the   location   of   the   7   circular   regions   of  
interest  are  shown  on  the  angiogram,  2  reside  within  the  AAo,  3  within  the  arch  and  2  within  the  DAo.  Velocity  
vectors   of   aortic   blood   flow   (speed   is   represented   by   colour   and   length),  were   generated   at   each   region   of  
interest  at  peak  systole  (the  3rd  cardiac  phase).  Velocity  vectors  are  then  shown  in  order  of  location  along  the  
aorta,  with  the  left  of  each  image  corresponding  to  the  left  of  the  infant.  aii-­‐aiii:  flow  within  the  AAo  appears  
slightly  chaotic.  aiv-­‐avi:  a  clockwise  helical  flow  pattern  is  visible  within  the  aortic  arch.  avii-­‐aviii:  this  rotational  
flow  pattern  continues  to  the  proximal  DAo  and  then  becomes  laminar.  
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Figure  6.1.8b  ʹ  Flow  patterns  within  a  preterm  infant  with  PDA  (P1):  bi:  the  location  of  the  7  circular  regions  of  
interest  are  shown  on  the  angiogram,  again  2  reside  within  the  AAo,  3  within  the  arch  and  2  within  the  DAo.  
Velocity  vectors  of  aortic  blood  flow  were  generated  at  each  region  of  interest  at  peak  systole  (the  3rd  cardiac  
phase).   Velocity   vectors   are   then   shown   in   order   of   location   along   the   aorta,   with   the   left   of   each   image  
corresponding   to   the   left   of   the   infant.  Velocity   vectors  appear   very   similar   to   those  within   the   aorta  of   the  
control  infant.  bii-­‐biii:  flow  within  the  AAo  appears  faster  and  more  chaotic  compared  to  the  control  infant.  aiv-­‐
avi:   again   a   clockwise   helical   flow   pattern   is   visible   within   the   aortic   arch.   avii-­‐aviii:   this   rotational   flow  
becomes  laminar  within  the  DAo.  
  
Previously  reported  adult  aortic  flow  patterns:  comparison  between  adults  and  neonates  
Helical  flow  within  the  aorta  is  an  important  flow  pattern  that  is  considered  to  be  a  normal  feature  in  
healthy  adult  subjects  (Kilner  et  al.  1993)  (Lorenz  et  al.  2012)  (Morbiducci  et  al.  2011).  It  is  thought  
that  aortic  helical  flow  is  a  result  of  optimized  blood  flow  for  efficient  perfusion  that  facilitates  left  
ventricular  ejection  (Morbiducci  et  al.  2011).  The  3  dimensional  curvature  of  the  arch  and  ventricular  
twisting   and   torsion   during   contraction   contribute   to   generate   the   aortic   helical   flow   patterns  
(Baciewiez  et   al.   1991)   (Morbiducci   et   al.   2009).     Aberrant   aortic   flow  patterns   are   thought   to  be  
correlated  to  cardiovascular  disease  (Lorentz  et  al.  2012)  (Weigang  et  al.  2008).    
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Qualitative  studies  visualizing  particle  traces  from  4D  PC  MR  acquisitions  have  shown  the  presence  
of  helical  flow  within  the  aortic  arch  (Bogren  et  al.  1999)  (Buonocore  et  al.  1999)  (Frydrychowicz  et  
al.   2007).   Quantitative   studies   of   global   helical   flow   and   helicity   quantification   in   2D   planes  
orthogonal  to  the  aortic  lumen  have  investigated  the  extent  of  helical  flow  within  the  healthy  aorta  
(Lorenz   et   al.   2011)   (Morbiducci   et   al.   2009,   2011).   It   was   shown   that   helical   flow   increases   in  
patients  with  aortic  or  cardiovascular  disease  (Lorenz  et  al.  2012).    
In  a  study  of  12  healthy  patients  Lorentz  et  al.  2011  showed  a  consistent  direction  of  rotation  over  
the  entire  aorta  with  high  clockwise  helicity  (with  respect  to  direction  of  flow)  within  the  aortic  arch  
(Lorentz  et  al.  2011).  In  both  infants  a  clockwise  helical  flow  pattern  is  present  within  the  aortic  arch  
at  peak  systole.  Further  quantitative  analysis  is  needed  to  assess  the  helicity  over  the  entire  cardiac  
cycle  and  aorta.  Yet  the  initial  data  suggests  that  the  helical  flow  patterns  within  the  healthy  adult  
aorta  are  present  in  these  2  individual  preterm  infants.    
  
6.1.4  Discussion  
The  complex  flow  patterns  within  the  healthy  adult  aorta  have  been  visualized  and  well  documented  
(Kilner   et   al.   1993)   (Markl   et   al.   2004).   Partly   due   to   their   size,   fragile   state   and   lack   of   patient  
cooperation  acquiring  4D  PC  MR  data   in   the  preterm  cohort   is   challenging  and  consequently   data  
does  not  extend  back  to  this  population.  4D  PC  MRI  sequences  with  adequate  spatial  and  temporal  
resolution   would   allow   a   comprehensive   study   of   the   cardiovascular   flow   patterns   present   in  
preterm   infants   and   hemodynamic   impact   of   prematurity   and   the   PDA.   A   recent   4D   PC   study   to  
visualize  the  intra-­‐cardiac  flow  patterns  in  preterm  and  term  infants  was  carried  out  by  Groves  et  al.  
2012,   however   the   2.5mm   isotropic   acquired   spatial   resolution   was   suboptimal   to   visualize   and  
quantify   extra-­‐cardiac   flow   patterns.   This   sequence   was   optimized   to   provide   adequate   spatial  
resolution  to  assess  aortic  flow  within  these  small  infants  in  this  study.  In  this  initial  study  4D  PC  MRI  
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data  was  acquired  in  9  preterm  infants  allowing  a  group  wise  comparison  with  2D  flow  methods  as  
well  as  visualising  flow  patterns.  Data  from  a  control  and  PDA  (P1)  preterm  infant  were  presented  in  
detail  for  a  visual  comparison  between  groups.  Aortic  blood  flow  patterns  were  investigated  with  the  
visualization  of  particle  traces  and  velocity  vectors  from  the  3D  velocity  field  information.    
  
Comparison  of  2D  and  4D  flow  measurements    
Although  4D  PC  MRI   is  well   documented   in   adults  and   to   some  extent   in  paediatrics   (Markl   et   al.  
2012b)   (Roes   et   al.   2009),   (Valverde   et   al.   2010)   validation   data   does   not   extend   back   to   the  
neonatal  population.  Bland-­‐Altman  analysis  was  therefore  carried  out  to  assess  agreement  between  
2D   and   4D   PC   flow   measurements   in   this   small   challenging   cohort.   Good   agreement   was   found  
between  2D  and  4D  PC  LVO  flow  measurements  (normalized  loa  13.9%,  mean  bias  21.5  ml/min  and  
loa  -­‐36.7  -­‐  +79.7  ml/min).  This  variability  was  only  marginally  higher  than  that  seen  in  measurements  
of   heart   rate   during   the   acquisitions   (table   6.1.2),   suggesting   that   a   significant   proportion   of   the  
variability  seen  in  flow  quantification  may  be  related  to  genuine  physiological  variation  as  opposed  
to  measurement  error.    
Reasonably  good  agreement  was   found  between  2D  and  4D  DAo   flow  measurements   (normalized  
loa   19.5%,  mean  bias   -­‐0.8  ml/min   and   loa   -­‐42.1   -­‐   +40.6  ml/min).   The   aortic   diameter   at   the  DAo  
measurement  plane  is  smaller  than  at  the  LVO.  The  reduced  agreement  between  the  2D  and  4D  DAo  
flow  measurements  could   indicate   the   limitations  of   the  1mm  spatial   resolution  when  quantifying  
flow  at  this  location.  However,  abdominal  flow  is  known  to  vary  according  to  food  intake  (Cranger  et  
al.   1980).   The   feed   and  wrap   technique   used   to   settle   the   infants   prior   to   the   scan   and   the   time  
between  2D  and  4D  PC  acquisitions  (~20  minutes)  may  give  rise  to    physiological  variation  in  lower  
body   flow.  Studies  have  shown  that  DAo  blood  flow   increases  by  30%  at  20  minutes  after   feeding  
(Wieben  et  al.  2013),  this  may  partly  explain  the  difference  in  LVO  and  DAo  agreement.    
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Particle  traces:  visualization  of  PDA  
The  blood  flow  fields  within  the  aorta  of  a  control  and  PDA  infant  were  then  visualized  by  generating  
particle  traces,  the  3D  time  resolved  trajectories  of  a  fluid  element  (massless  particle)   in  the  blood  
flow  field  40  -­‐  80ms  after  the  R  wave.  When  compared  to  the  control  infants,  despite  the  low  left  to  
right  shunting  no  disruption  of  aortic  flow  during  peak  systole  was  observed.    Diastolic  particle  traces  
revealed  fast  flow  through  the  duct  from  the  aortic  arch.  The  decrease  in  right  ventricular  pressure  
during  diastole  maximizes  the  gradient  between  pulmonary  and  systemic  pressure  across  the  duct,  
facilitating  ductal  blood  flow.  Particle  traces   in  diastole  depicted  the  blood  flowing  from  the  aortic  
arch  into  the  duct  (figure  6.1.7)   indicating  that  preferential  steal  through  the  duct  is  from  the  arch  
and  not  the  descending  aorta  in  this  particular  PDA  infant.  Faster  flow  is  observed  at  the  superior,  
outer  edge  of  the  proximal  arch  just  before  the  brachiocephalic  artery.  Upper  and  lower  body  flow  
measured  from  2D  PC  MRI  was  within  the  normal  range  for  this  infant.  The  morphology  of  the  arch  
and   helical   flow   patterns   ensures   that   the   faster   flowing   blood   supplies   the   upper   body.   The  
pressure   gradient   dependency   and   aortic   location   of   the   duct   in   this   individual   infant   assists   the  
preservation   of   upper   body   flow.   Although   blood   is   seen   to   flow   from   the   arch   (no   reversal   of  
diastolic  flow  was  observed  in  the  DAo  in  either  4D  or  2D  analysis),  this  steal  of  systemic  blood  flow  
and  preferential  shunting  of  faster  flowing  blood  to  the  upper  body  may  reduce  the  continuous  flow  
seen  during  diastole  in  peripheral  lower  body  vasculature.    
Visualization   of   the   duct   and   ductal   flow   is   possible   with   4D   PC  MRI.   However,   occasionally   the  
particle  traces  are  unable  to  depict  or  follow  the  entire  course  of  the  duct  and  ductal  flow  due  to  the  
turbulent  nature  of  the  blood  flow  through  the  PDA.  Particle  traces  were  shown  to  flow  from  left  to  
right  within  the  duct,  yet  no  traces  could  be  visualized  leaving  the  aorta  and  entering  the  duct  during  
systole   (figure   6.1.6).   The   measured   velocity   within   a   voxel   is   the   mean   of   the   intravoxel   spin  
velocities.   The  multiple   spin   velocities  present   in   turbulent   regimes   reduces   the  magnitude  of   the  
complex   signal   and   therefore   leads   to   a   signal   loss   (Dyverfeldt   et   al.   2008)   (Oshinski   et   al.   1995).  
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Figure   6.1.9   shows   the   signal   loss   in   the   aorta   near   the   insertion   of   the   duct   in   the   PDA   infant    
(P1)presented  above,   this  was   also  apparent   in   the  analysis  of   second  PDA   (P2)   infant  with   shunt  
volume   of   52.7%   of   LVO   (figure   6.1.10/11).   This   signal   loss   results   in   an   artefact   in   the   Philips  
reconstructed   phase   difference   dataset.   By   increasing   spatial   resolution   this   artefact   can   be  
minimized.   The   phase   information   can   be   recovered   from   the   raw   data;   however   accurate  
reconstruction   of   the   phase   difference   dataset   can   be   problematic.   Background   phase   errors   are  
compensated  for  within  the  reconstruction,  hence  the  phase  difference  image  is  not  just  the  simple  
subtraction  of  the  2  velocity  encoded  datasets.     Consequently  although  raw  data  was  retained  and  
attempts  were  made  at  dedicated   reconstructions   to   recover   the   flow   information   in   these  aorta-­‐
PDA  branching  regions,  it  did  not  prove  possible  to  achieve  a  reliable  estimation  of  the  flow.  
  
  
Figure  6.1.9  ʹ  Turbulence:  The  angiogram  shows  the  aorta,  duct  and  pulmonary  arteries  in  the  P1  PDA  infant.  A  
clip  plane  dissecting  the  mid  line  of  the  aorta  shows  the  velocity  information  along  the  aorta  at  peak  systole.  
The  point  of  the  ductal  insertion  within  the  aorta  can  be  seen  as  a  region  of  zero  velocity.  Particle  traces  cannot  
be  visualized  leaving  the  aorta  and  entering  the  duct  during  systole  due  to  this  reconstruction  artefact.    
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Figure  6.1.10  ʹ  Vessel  morphology:  The  PDA  and  great  vessels  can  be  observed  from  the  angiogram   in  the  P2  
PDA  infant  (a,  b  and  c).  shunt  volume  was  found  to  be  52.7%  of  LVO  as  determined  by  2D  PC  MRI  (chapter  4).  
Restriction  of  the  duct  can  be  seen  at  the  proximal  to  the  aorta  (d).    
  
  
Figure   6.1.11  ʹ   Chaotic   flow  within   the   duct:   The   angiogram   shows   the   aorta,   duct   and   LPA   in   the   P2   PDA  
infant.  A  clip  plane  dissecting  the  duct  shows  the  velocity  within  the  3  vessels.  a:  visualization  of  the  velocity  
within   the   duct   distal   to   the   duct-­‐aorta   insertion   remains   intact.   bi:   proximal   to   the   junction   flow   becomes  
turbulent  and  bii:  regions  of  zero  velocity  (dark  blue)  within  the  duct  are  visible.      
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The   2   infants   with   large   PDA   shunt   volumes   (table   6.1.1,   figure   6.1.7/9/10/11)   can   be   depicted.  
However,   it  was  not  possible  to  visualize  the  ductus  arteriosus  vessel     and  ductal  shunting  in  the  3  
infants  with  low  shunt  volumes  (<16%  of  LVO).  Shunt  volume  is  significantly  associated  with  ductal  
diameter   (chapter  4);   all   3   infants  had  ductal   diameter  of   less   than  1mm  as  determined  by  echo,  
higher  spatial  resolution  is  required  to  resolve  the  PDA  infants  with  low  shunt  volumes.    
  
Aortic  flow  patterns  in  the  presence  and  absence  of  PDA  
From  visualization  of  the  velocity  vector  field  within  the  ascending  aorta,  arch  and  descending  aorta  
at  peak   systole   indicated  a  clockwise  helical   flow  pattern  within   the  arch,  developing   into   laminar  
flow  within  the  DAo  in  both  the  control  and  PDA  infant.  It  has  been  suggested  that  rotational  flow  
within  the  adult  aorta  preserves  momentum  around  the  arch  and  leads  to  more  efficient  blood  flow.  
It  is  the  3  dimensional  curvature  of  the  arch  and  ventricular  twisting  and  torsion  during  contraction  
that  are  considered  to  contribute  to  the  generation  of  aortic  helical  flow  patterns  (Baciewiez  et  al.  
1991)  (Morbiducci  et  al.  2009).  Aberrant  flow  patterns  within  the  aorta  have  been  correlated  with  
cardiovascular  pathology  and  are  thought  to  exacerbate  cardiovascular  disease.  Lorenz  et  al.  2011,  
calculated   a   normalized   helicity   (equation   6.2)   on   a   pixel   wise   basis,   providing   information   of  
direction  and   intensity  of  helical   flow  over   the  cardiac  cycle  and  showed  a  consistent  direction  of  
rotational   flow  over   the  entire   aorta  with  high   clockwise  helicity  within   the  aortic   arch   in  healthy  
adults.    
  
Normalized  helicity  =   ௩ഥ ήఠഥȁ௩തȁήȁఠഥ ȁ                                                                                                                                                                                                                                                        (6.2)  
Where  ݒҧ   is   the  velocity  vector  and   ഥ߱   the  vorticity  vector,   resulting   in  values  between   -­‐1   (counter  
clockwise  rotation)  and  +1  (clockwise  rotation).    
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When   assessing   flow   patterns   in   patients  with   cardiovascular   disease,   an   increase   in   helicity  was  
seen  (Lorenz  et  al.  2012)  (Morbiducci  et  al.  2011),  the  significance  of  this  is  still  unclear.  It  is  thought  
that   in   adults   large   velocity   fluctuations   in   flow   lead   to   increased   wall   shear   stress   and   expose  
endothelial   cells   and   blood   constituents   to   abnormal   stresses   that   increase   the   risk   of   hemolysis  
(Sallam  et  al.  1984),  platelet  activation  and  thrombus  formation  (Becker  et  al.  2001)  (Dyverfeldt  et  al.  
2008).  
Although  there  is  clearly  chaotic  flow  within  the  aorta  at  the  site  of  the  PDA  bifurcation  and  ductus  
arteriosus   itself   (P1   and   P2,   figure   6.1.9,   6.1.11),   this   did   not   appear   to   disrupt   the   flow   directly  
above  or  below  the  duct  (figure  6.1.8b).  In  both  infants  a  clockwise  helical  flow  pattern  was  present  
within  the  arch  at  peak  systole.  However,  the  nature  of  this  helical  flow  pattern  was  not  quantified  
over  the  cardiac  cycle  due  to  the  current  limitations  of  the  tools  available  in  this  study.  In  addition  
more  work   is  needed   to  determine  whether   the  current   spatial   resolution   is  adequate   to  quantify  
helical  flow  patterns.  Initial  data  suggests  however,  that  the  helical  flow  patterns  within  the  healthy  
adult  aorta  are  present  in  these  2  individual  preterm  infants.  A  clockwise  helical  flow  pattern  within  
the  arch  was  visible   to  varying  extents   in  all   infants  within  this  study   (appendix  6.1).  Whether   this  
rotational  flow  pattern  is  present  in  all  preterm  and  term  infants,  if  the  absence  of  this  flow  pattern  
is  associated  with  turbulence,  decreased  cardiac  function  and  perfusion  is  unknown  and  a  subject  for  
future  work.  
A  recent  study  was  carried  out  to  calculate  the  energy   loss   in  the  presence  of  aberrant  aortic  flow  
patterns  in  aortic  valve  disease  patients  (Barker  et  al.  2013).  The  disruption  of  aortic  flow  leads  to  an  
increase   in   left   ventricular   afterload.   The   3   dimensional   velocity   field   was   used   to   calculate   the  
viscous   energy   loss   along   particle   traces   seeded   from   the   AAo,   the   extra  work   or   left   ventricular  
afterload  was  then  quantified.  Abnormal,  high  helical  flow  patterns  in  patients  lead  to  an  increase  in  
energy   loss  when  compared  to  controls,   indicating  that   inefficient   flow   increases   the  work   load  of  
the   left   ventricle   (Barker   et   al.   2013).      The   quantification   of   energy   loss   along   the   aorta   in   the  
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presence  and  absence  of  PDA  would  improve  understanding  of  the  impact  of  PDA  on  cardiac  work  
load.  This  area  of  study  and  possibility  of  future  work  is  discussed  further  in  chapter  8.  
  
Current  limitations  
It   is   thought   that   the   accurate   quantification   of   rotational   flow   patterns   such   as   helicity   and  
secondary  vascular  parameters  such  as  wall  shear  stress  require  higher  spatial  resolution  than  flow  
measurements  (Lorenz  et  al.  2012)  (Markl  et  al.  2011)  (Stalder  et  al.  2008).  The  long  scan  times  that  
arise   from   this   necessity   for   high   spatial   resolution   to   accurately   visualize   and   quantify   flow  
characteristics   is   problematic   in   the   neonatal   population   as   patient   cooperation   is   not   viable.  
Furthermore  the  use  of  acceleration  techniques  is  limited  owing  to  the  low  SNR  due  to  patient  size  
and  inability  to  use  contrast  enhancement  in  these  fragile  infants.  Future  progress  may  include  the  
use  of  dedicated  preterm  MR  scanners  and  coils  to  increase  SNR  to  facilitate  acceleration  techniques  
in  this  cohort.  
  
6.1.5  Conclusion  
In   this   initial   study,   the   feasibility   of   4D   PC   MRI   to   aid   the   investigation   of   cardiovascular  
hemodynamics   in  preterm   infants  was  assessed.  dŽƚŚĞĂƵƚŚŽƌ͛ƐŬŶŽǁůĞĚŐĞ ƚŚŝƐ ŝƐ ƚŚĞ ĨŝƌƐƚϰW
MRI  study   to  visualize   the  3  dimensional  aortic   flow  patterns   in  preterm   infants  with  and  without  
PDA.  Although  unsurprising,  it  was  reassuring  that  there  was  substantial  agreement  between  2D  and  
volumetric  methods  and  this  provided  an  effective  link  between  this  pilot  study  and  the  rest  of  the  
work   in   the   thesis   (chapter   7).   Visualization   of   the   particle   traces   depicting   systolic   flow   did   not  
appear  to  be  disrupted  in  the  presence  of  a  PDA.  This  was  further  indicated  from  the  velocity  vectors  
demonstrating   that   the  clockwise  helical   flow  within   the  aortic  arch   in   the  control   infant  was  also  
present   in   the   PDA   infant.   The   aortic   flow   regime   is   further   examined   in   chapter   7.   Initial   data  
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suggests  that  quantification  of  blood  flow  volumes  and  visualization  of  flow  fields  from  4D  PC  MRI  is  
feasible  in  preterm  and  term  infants.  However,  higher  spatial  resolution  is  potentially  required  to  not  
only  visualize  but  fully  quantify  the  hemodynamic  impact  of  high  and  low  ductal  shunt  volumes.    
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Chapter  7  
  
Fluid  Dynamic  Assessment  of  the  Neonatal  Aorta  
  
In   chapter  7   the  aortic  blood   flow   regime   in  healthy  preterm  and  term   infants   is  determined.  The  
hemodynamic   effect   of   the   ductal   shunt   and   potential   presence   of   turbulence   in   the   aorta   is  
investigated.  To  begin  with  the  fluid  dynamic  properties  of  blood  and  parameters  to  quantify  them  
are   introduced.   A   technique   to   quantify   aortic   pulse   wave   velocity   (PWV)   is   then   described   in  
preterm   and   term   infants   using   4D   PC   MRI.   Initial   normative   ranges   in   this   population   are  
established  to  facilitate  comparison  with  adult  data.  The  calculation  of  Re  (Re)  from  4D  PC  MRI  data  
is   then  described  and  employed   to  determine   the  blood   flow   regime  and   if   turbulence   is  present  
within   the   aorta   in   infants  with   and  without   PDA.   Neonatal   data   is   then   compared   to   previously  
reported  adult  data.    
  
  
7.1  Fluid  Dynamic  Assessment    of  Blood  Flow  
Assessment  of  blood  flow  dynamics  plays  a  major  role  in  the  understanding  of  the  development  and  
onset   of   cardiovascular   pathologies   (Fogel,   2000)   (Laurent   et   al.   2001)   (Markl   et   al.   2012).   Both  
compliance  and  flow  regime  within  the  healthy  and  diseased  aorta  have  been  well  documented   in  
adults  and  paediatrics  with  multiple  techniques  (Cheung  et  al.  2004)  (Markl  et  al.  2012)  (Voges  et  al.  
2012).  PWV  (an  inverse  measure  of  vessel  compliance  and  marker  for  vessel  stiffness)  and  Re  (Re)  (a  
measure  of   the   flow   regime  and  marker   for   turbulence)   are   two  parameters   that   are   increasingly  
being  used  as  markers  for  cardiovascular  diseases  and  the  development  of  pathologies  in  adults  and  
paediatrics.  In  the  following  subsections  these  2  parameters  and  their  significance  are  described  in  
more  detail.  
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7.1.1  Pulse  Wave  Velocity    
Compliance  
The  pulsatile  nature  of  the  left  ventricular  contraction  generates  a  pulse  wave  that  propagates  along  
the  aorta  and  proximal  arteries  at  a  velocity  proportional  to  stiffness  and  inversely  proportional  to  
compliance.  Changes  in  aortic  stiffness/compliance  have  a  high  physiological  relevance  as  they  can  
lead  to  an  increase  in  aortic  pulse  pressure  and  cardiac  pressure  afterload  (Dogui  et  al.  2011),  which  
can   lead  to   left  ventricular  hypertrophy  (Nussbacher  et  al.  1999).  Compliance,  the  distensability  of  
an  artery  and  index  of  vessel  elasticity,  is  described  as  the  change  in  arterial  blood  volume  per  unit  
length  due  to  a  change  in  pressure  as  denoted  in  equation  7.1.  
  
C  =  ο௏ο௉                                                                                                                                                                                                                                                                                                                                  (7.1)  
  
Arterial   compliance   converts   pulsatile   flow   of   the   central   arteries   into   the   steady   flow   of   the  
peripheral  tissues  to  provide  a  constant  blood  supply  to  organs  (Levick,  Fifth  Edition,  2010,  chpt  8).  
The   rapid   ejection   of   blood   during   systole   and   high   peripheral   systemic   resistance   cause   a   large  
proportion  of  the  stroke  volume  ejected  from  the  left  ventricle  to  be  accommodated  in  the  proximal  
elastic  arteries.  The  increase  in  blood  volume  distends  the  arterial  wall.  From  >ĂƉůĂĐĞ͛ƐůĂǁ(chapter  
5)  the  increase  in  vessel  diameter  leads  to  an  increase  in  wall  tension  causing  an  increase  in  arterial  
blood  pressure.  Hence   changes   in  pulse  pressure  are  often  used   to   infer   stroke   volume.  As   aortic  
compliance  decreases  a  smaller  proportion  of  the  stroke  volume  is  stored  in  the  aorta  during  systole.  
A  larger  blood  volume  then  propagates  along  the  aorta  altering  the  peripheral  circulation,  pressure  
and  resistance.      
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Cardiac  load  and  vessel  stiffness    
Pulse   pressure   and   therefore   compliance   are   considered   important   due   to   the   relation   to   cardiac  
output   and   load   on   the   heart.   The   mean   load   on   the   heart   is   determined   from   the   peripheral  
systemic  resistance  which  governs  the  average  blood  flow  and  pressure  (Voges  et  al.  2012).  The  peak  
load   on   the   heart   is   determined   by   impedance  which   governs   the   pulse   pressure.   As   compliance  
decreases  and  therefore  impedance  increases  the  pulse  pressure  increases  due  to  two  mechanisms.  
Firstly  vessel  compliance  is  not  a  fixed  quantity,  as  pressure  or  volume  increases  the  vessel  stretches  
to  accommodate  an  increased  blood  volume.  Vessel  stiffness  increases  as  the  vessel  wall  stretches.  
Secondly   the   increased   PWV   due   to   increased   vessel   stiffness   results   in   an   earlier   return   of   the  
reflected   wave   and   augmentation   of   the   pulse   pressure.   Consequently   as   vessel   compliance  
decreases  cardiac  load  is  increased;  the  left  ventricle  must  generate  more  pressure  to  eject  the  same  
volume  of  blood  (Greenwald,  2002)  (Levick,  Fifth  Edition,  2010,  chpt  8).  As  a  result  increased  vessel  
stiffness   is   associated   with   many   cardiac   risk   factors   (Bogren   et   al.   1989)   (Franklin   et   al.   1999)  
(Laurent  et  al.  2001).  
  
Pulse  Wave  propagation  
As  PWV  represents  intrinsic  arterial  stiffness  (Sutton-­‐Tyrrell  et  al.  2005),  through  this  relationship  it  
has   been   closely   associated  with   atherosclerosis,   and   is   now  being   used   as   an   indicator  of   future  
cardiovascular  events  (Metafratzi  et  al.  2002)  and  vascular  impedance  (Laurent  et  al.  2006)  (Dogui  et  
al.  2011).  PWV  has  been  shown  to  increase  with  age  in  healthy  adults  as  vessels  become  stiffer  and  
compliance  decreases  (Mohiaddin  et  al.  1993).  Metafratzi  et  al.  2002  reported  a  PWV  range  from  4  
to  10  ms-­‐1  in  the  healthy  adult  aorta,  whilst  Vulliemoz  et  al.  2002  found  a  mean  PWV  of  4.4  ms-­‐1.  A  
few   studies  have  assessed  aortic   compliance   in  preterm  and   term  neonates   from  vessel  diameter  
measurements  by  ultrasound  and  systemic  pressure  measurements  from  pressure  cuffs  on  the  limbs  
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(Mori   et   al.   2006)   (Tauzin   et   al.   2006).      However   non-­‐invasive   pressure   measurements   in   the  
neonatal  population  are  prone   to   inaccuracies   and   these   studies  were  not  validated.  Measures  of  
PWV  have  also  been  used  to  investigate  the  increased  risk  of  cardiac  disease  seen  in  preterm  infants  
born  at  low  birth  weight.  A  significant  increase  in  PWV  was  found  in  preterm  infants  and  paediatric  
subjects   (~8yrs)   born   prematurely   at   low   birth   weight   and   may   explain   the   increase   in   cardiac  
disease  in  this  population  (Barker  et  al.  1989)  (Cheung  et  al.  2004).  
  
7.1.2  Characterization  of  Flow  Regimes  and  Re  
The  Re,  originally  used  to  describe   laminar  flow  in  a  rigid  pipe  (Reynolds,  1883),  has  recently  been  
used   to   define   flow   regimes   and   the  onset   of   turbulence  within   vessels   (Stalder   et   al.   2011).   The  
presence  of  turbulence  is  believed  to  not  only  decrease  the  efficiency  of  blood  flow  but  also  play  a  
part   in   hemolysis,   thrombus   formation,   and   in   the   development   of   atherosclerosis   (Davies   et   al.  
1986)  (Stein  et  al.  1974)  (Sutera  et  al.  1975).     Evidence  of  flow  instabilities  have  been  found  in  the  
healthy  adult  ascending  and  DAo  (Stalder  et  al.  2011).  However  these  models  do  not  extend  back  to  
the  neonatal  and  preterm  population.  
  
Re  and  turbulence  under  physiological  conditions  
The  flow  regime  of  a  fluid  with  a  given  viscosity,  in  a  vessel  with  a  given  diameter  is  a  result  of  two  
primary  forces,  the   inertial  and  viscous,  acting  on  the  fluid.  The  ratio  of  these  two  forces  the  Re   is  
used  to  determine  the  onset  of  turbulence  and  is  defined  in  equation  7.2.  Generally  in  the  scenario  
of   a   straight,   rigid   lumen  with   constant   flow,   laminar   flow   occurs   at   Re   <1200,   transitional   flow  
occurs  between  1,200  and  2,300  and  Re  >2300   is   considered   turbulent   flow   (Peacock  et  al.  1998)  
(Reynolds,  1883).  
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  Re    =      ௜௡௘௥௧௜௔௟௙௢௥௖௘௦௩௜௦௖௢௨௦௙௢௥௖௘௦                                                                                                                                                                                                                                                                           (7.2)  
  
Following  from  this  the  Re  for  flow  within  a  lumen  can  be  calculated  from  equation  7.3  (Stalder  et  al.  
2011).    
  
ܴ݁ ൌ  ସఘȁொሺ௧ሻȁగఎή஽ሺ௧ሻ                                                                                                                                                                                                                                                                                                   (7.3)  
tŚĞƌĞʌсďůŽŽĚĚĞŶƐŝƚǇ͕Y;ƚͿсǀŽůƵŵĞƚƌŝĐĨůŽǁ͕ɻсǀŝƐĐŽƐŝƚǇŽĨďůŽŽĚĂŶĚ;ƚͿсĚŝĂŵĞƚĞƌŽĨďůŽŽĚ
vessel.      
  
Calculation  of  turbulence  in-­‐vivo  
  The   development   of   turbulence   in-­‐vivo   under   normal   physiological   conditions   is   still   not   fully  
understood  due   to   the  pulsatile  nature  of  blood   flow,   the   compliance  of   the  vessel  walls   and   the  
non-­‐Newtonian  nature  of  blood:  red  blood  cells  are  oval,  flexible  biconcave  disks,  the  morphology,  
arrangement,  and  effective  viscosity  of  these  cells  are  effected  by  the  blood  flow  field  (Eggleton  et  
al.  1998).  The  development  of  turbulence  is  also  influenced  by  the  acceleration  and  deceleration  of  
pulsatile  blood   flow  during   systole  and  diastole  as  well  as   the  pulse   frequency.  Acceleration  has  a  
stabilizing  effect,  while  turbulence  often  appears  during  deceleration.  In  addition,  turbulence  needs  
some  time  to  develop,  and  depending  on  the  pulse  frequency,  the  deceleration  period  might  not  be  
long  enough  for  turbulence  to  appear  (Peacock  et  al.  1998).    
As  a  result  the  traditional  assessment  of  laminar  and  turbulent  flow  and  corresponding  Re  needs  to  
be   revised   when   assessing   physiological   flow.   Consequently   numerous   studies   have   described   a  
critical   Res   (Rec)   associated   with   the   presence   of   flow   instabilities   and   the   transition   towards   a  
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turbulent  regime  in-­‐vivo  and  in-­‐vitro  (Nerem  et  al.  1972)  (Peacock  et  al.  1998)  (Stalder  et  al.  2011).  
Rec   is  the  minimum  Re  that  represents  turbulence  for  a  given  pulsatile  flow  and  lumen.  A  previous  
study   by   Peacock   et   al   (1998)   determined   the   association   between   Rec͕ ZĞ͕ tŽŵĞƌƐůĞǇ ;ɲͿ ĂŶĚ
Strouhal   (St)   numbers   with   the   presence   of   flow   instabilities   in   vitro   for   physiologically   realistic  
pulsatile  flow  (defined  in  equation  7.4).    
  
Rec  сϭϲϵɲ  0.83  St-­‐0.27                                                                                                                                                                                                                                                                                                                                                                                    (7.4)  
  
tŽƌŵĞƌƐůĞǇŶƵŵďĞƌ;ɲͿŝŶĚŝĐĂƚĞƐƚŚĞƚƌĂŶƐŝƚŝŽŶĨƌŽŵWŽŝƐĞƵille  flow  (parabolic  flow)  to  Womersley  
flow   (plug   flow),   and   the   Strauhol   number   (St)   represents   the   dimensionless   stroke   volume   both  
defined  in  equation  7.5  and  7.6.    
  
  ɲс    ஽௠ଶ   ට
ఘήଶగ௙
ఎ                                                                                                                                                                                                                                                                                           (7.5)  
  
  St  =      
஽௠
ଶ
௙
௩௣ି௩௠                                                                                                                                                                                                                                                                                              (7.6)  
Where  Dm  =  mean  diameter  over  cardiac  cycle,   f  =  heart   rate,  vp  =  maximum  of   the  mean  cross-­‐
section  velocity  over  cardiac  cycle  and  vm  =  mean  of   the  mean  cross-­‐section  velocity  over  cardiac  
cycle.  
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7.1.3  Fluid  Dynamic  Assessment  of  Flow  by  MRI  
Quantification  of  PWV  with  MRI  
Intra-­‐vascular   pressure  measurements   combined  with   a   distance  measurement   provide   the  most  
accurate  PWV  measurements  (Vulliemoz  et  al.  2002)  but  this   invasive  technique   is  not  suitable  for  
many  patients.  Non-­‐invasive  pressure  measurements  taken  from  the  pressure  cuffs  on  the  limbs  are  
not   a   direct   measure   of   aortic   pressure   and   can   be   erroneous   in   the   un-­‐cooperative   neonatal  
population   (Konig   et   al.   2012).   In   addition   echo   length   and   diameter   measures   are   highly   user  
dependent  and  have  poor  repeatability  (Groves  et  al.  2008a)  (Salvi  et  al.  2008).  
PWV   measurements   require   flow   and   morphological   information.   It   can   be   assumed   that   the  
pressure  wave  is  unidirectional  and  reflectionless  in  the  adult  aorta  between  the  onset  of  the  blood  
flow  and  the  time  of  maximum  blood  flow  (Berger  et  al.  1994).  Hence  under   these  conditions  the  
movement   of   an   infinitesimally   thin   blood   slice   in   a   vessel   experiencing   a   pressure   wave   can   be  
considered.  Consequently  from  these  assumptions  4D  PC  MRI  can  provide  a  non-­‐invasive  estimate  of  
PWV   based   on   flow   waveform   measurements   from   retrospective   analysis   planes   at   almost   any  
anatomical   location.   Multiple   2D   and   4D   PC   MRI   PWV   assessments   have   used   this   relationship  
between  pulse  pressure  and  blood  volume   to  calculate   the  pulse  wave  arrival   time   from  the   flow  
profile  at  2  or  more  locations  along  the  aorta  (Markl  et  al.  2012)  and  have  been  validated  against  in-­‐
vivo  pressure  measurements  (Fielden  et  al.  2008)  (Grotenhuis  et  al.  2009)  (Vulliemoz  et  al.  2002).    
  
MRI  quantification  of  Re  and  assessment  of  turbulence  
Previous  assessments  of   turbulence   in  vivo  have  been  based  on  catheter  hot-­‐film  anemometry  or  
perivascular  Doppler  ultrasound  in  animals  and  in  humans  (Nerem  et  al.  1974)  (Stalder  et  al.  2011)  
(Stein  et  al.  1975)  (Stein  et  al.  1976);  these  studies  were  limited  by  their  complexity  and  invasiveness  
and   are   not   suitable   for   the   neonatal   population.   A   study   by   Stalder   et   al   (2011)   assessed   the  
228  
  
presence   of   turbulence  within   the   adult   aorta   from   4D   PC  MRI   data.   Re  was   calculated   for   each  
cardiac  phase  (equation  7.3)  and  then  compared  to  the  Rec  for  each  individual  subject  to  assess  the  
efficiency  of  the  cardiovascular  system  and  onset  of  pathologies  (Stalder  et  al.  2011).    
  
The  method  section  in  the  following  work  has  been  split  into  2  parts;  firstly  a  study  to  quantify  PWV  
in  neonates   from  4D  PC  MRI   is  presented.  Secondly   from  the  same  datasets,  aortic   flow  regime   is  
evaluated.  The  final  subsection  is  a  discussion  of  both  studies.  
  
7.2  Fluid  Dynamic  Assessment  of  the  Neonatal  Aorta  with  4D  PC  MRI  
7.2.1  Introduction  
Using  PC  MRI  the  previous  chapters  have  presented  data  indicating  that  ductal  shunt  volumes  can  be  
up  to  74%  of  cardiac  output  (CO),  that  even  in  the  presence  of   large  shunt  volumes  total   systemic  
blood  flow  can  be  maintained  and  that  it  is  achieved  by  a  significant  increase  in  CO  (chapter  4  and  5).  
As  mentioned  previously  compliance  is  not  a  fixed  parameter,  vessel  stiffness  increases  as  the  vessel  
is   stretched.   The   impact   of   increased   blood   volume   and   pressure   associated   with   PDA   on   aortic  
compliance  is  unknown.  Although  aortic  blood  flow  fields  have  been  visualized  (chapter  6),  whether  
the  additional  shunt  volume,  shunt  flow  pattern    and  bifurcation  of  the  duct  at  the  inferior  wall  of  
the  aortic  arch  creates  turbulent  flow  regimes  that  disrupt  the  efficient  transport  of  blood  within  the  
aorta  is  unclear.    
Global  aortic  PWV  was  originally  quantified  from  two  2D  PC  MRI  sequences  (positioned  at  the  level  
of   the   aortic   valve   and   in   the  DAo   at   the   level   of   the   diaphragm)   combined  with   an   extra   length  
measurement   (Broadhouse   et   al.   2013)   (data   not   included   in   this   thesis).   This   was   prone   to  
inaccuracies  due  to  erroneous  R  wave  triggering  and  uncertainty  over  length  measurements.  The  use  
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of   4D   PC   MRI   can   address   both   these   deficiencies   and   provide   a   non-­‐invasive,   comprehensive  
assessment  of  both  aortic  PWV  and  flow  regime.    
  
Objective    
The  aim  of  this  study  was  to  first  assess  the  fluid  dynamic  parameters,  PWV  and  Re  in  preterm  and  
term   infants   using   4D   PC  MRI.   Secondly   to   establish   a   normative   range   in   this   population   and   to  
identify  any  changes  in  both  PWV  and  Re  associated  with  the  common  congenital  defect  PDA.    
  
7.3  Quantification  of  PWV  in  Preterm  and  Term  Infants  
7.3.1  Patients  and  Methods  
This  study  was  approved  by  the  North  West  London  Research  Ethics  Committee  (06/Q0406/137)  and  
written  informed  parental  consent  was  obtained  in  all  cases.    
For   an   initial   validation   study   4D   PC   MRI   global   aortic   PWV   (PWV-­‐MRI)   measurements   were  
compared  to  PWV  values  calculated  from  invasive  pressure  measurements  (PWV-­‐Pres)   in  the  DAo.  
The  4D  PC  MRI  protocol  is  described  first.  
  
Assessment  of  PWV  via  4D  PC  MRI  
4D  PC  MRI  Study  cohort  
Cardiac  MRI  was  performed  in  9  infants  with  median  (range)  GA  26+3(25+3  ʹ  32)  weeks,  cGA  32(30+4  ʹ  
36+5)  weeks,  birth  weight  895(680  ʹ  1740)  grams  and  weight  at  scan  1330(875  ʹ  2065)  grams,  who  
ǁĞƌĞŝŶƉĂƚŝĞŶƚƐĂƚYƵĞĞŶŚĂƌůŽƚƚĞ͛ƐĂŶĚŚĞůƐĞĂĂŶĚ^ƚdŚŽŵĂƐ͛,ŽƐƉŝƚĂů.  All   infants  had  an  echo  
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performed  within   24   hours   of  MRI   scan   by   an   operator  with   >10   years   of   experience   (AMG,   see  
glossary   for   details)   in   neonatal   echocardiography.   Four   infants   had   PDA   as   determined   by   echo.  
Shunt  volume  was  determined  in  PDA  infants  from  PC  MRI  as  described  in  chapter  4.  
All   infants  were  scanned  using  acoustic  ear  protection,  pulse  oximetry,  vector  ECG  monitoring  and  
without  sedation  or  anaesthesia  (Merchant  et  al.  2009).    Six  infants  required  low  flow  supplemental  
oxygen  or   nasal   continuous   positive   airway   pressure   via   an  MR   compatible   system  but   all   infants  
were  stable  and  tolerating  full  enteral  feeds  during  the  scan.  None  of  the  infants  were  mechanically  
ventilated  during  the  scan.    
  
4D  PC  MRI  Acquisition  
Scans  were  performed  on  a  Philips  3T  MR  Achieva  scanner  (Best,  Netherlands)  using  a  specialised  8  
channel   pediatric   body   receive   coil   for   infants   above   2kg   and   a   small   extremity   receive   coil   for  
infants  below  2kg.  4D  PC  retrospective  gated  sequences  (spatial  resolution  =  1mm  isotropic,  TR/TE  =  
5.9/3.1ms,  NSA  =  1  and  cardiac  phases  =  20)  were  aligned  sagittal  oblique  providing  full  coverage  of  
the  aortic  arch  (parameters  are  shown  in  table  6.1.1,  chapter  6).  The  3  directional  velocity  encoding  
was  calibrated  for   the  range  of  ±150cms-­‐1  and  acquisition  time  ranged  between  7  and  15  minutes  
depending   on   size   of   field   of   view   and   heart   rate   of   the   infant.   No   undersampling   or   respiratory  
compensation  techniques  were  used.  
  
Data  processing  
To   determine   aortic   PWV  multiple   data   analysis   steps  were   employed.   Firstly   the   freely   available  
pre-­‐processing  software  velomap_tool  (Bock  et  al.  2007)  was  used  to  generate  a  pseudo  angiogram  
and  if  present  unwrap  any  aliased  pixels.  The  angiogram  was  generated  from  the  sum  of  squares  of  
the  velocity  map  (Bock  et  al.  2007)  and  then  exported  with  the  4D  PC  dataset  (chapter  6).  An   iso-­‐
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volume   rendering   of   the   aorta   was   generated   from   the   angiogram   using   commercially   available  
software  (EnSight;  CEI,  Apex,  NC,  USA)  (figure  7.2.1).  Clip  planes  were  then  defined  orthogonal  to  the  
angiogram  lumen,  at  5  to  8  locations  along  the  arch  between  the  aortic  valve  and  DAo  at  the  level  of  
the  diaphragm.    
  
  
Figure  7.2.1  ʹ  Aortic  PWV  setup:  location  of  8  clip  planes  along  the  aortic  arch  positioned  between  the  aortic  
valve  and  DAo  at   the   level  of   the  diaphragm  shown   in  a  960g   infant.  The  velocity  map   is  shown   in  each  clip  
plane.  The  position  of  the  clip  planes  is  determined  with  the  aid  of  an  iso-­‐volume  rendering  of  aorta  calculated  
from  the  sum  of  squares  of  the  velocity  map.  The  arch  is  shown  running  anterior  posterior  from  left  to  right  of  
the  figure.  
  
The  clip  planes  were  exported  and  flow  was  then  quantified  at  these  locations  using  a  matlab  based  
software  tool  flow_tool  (Stalder  et  al.  2008),  (MathWorks  Matlab).  The  vessel  of  interest  was  tracked  
over   all   cardiac   phases   and   flow   was   then   calculated   at   each   time   point   of   the   cardiac   cycle   by  
manual   segmentation  of   the   vessel   lumen.   The   time   resolved   flow  was   then   interpolated  and   the  
resultant   flow  profiles  were  used   to   determine   the   time   interval  between   the  arrival  of   the  pulse  
wave  at  each  plane.  The  upslope  regions  of  the  flow  profiles  from  each  location,  defined  as  the  time  
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between   15%   and   90%   of   upstroke   flow  were   then   generated   (using  MathWorks  Matlab)   (figure  
7.2.2a).  Often  infants  with  large  shunt  volumes  and  therefore  elevated  left  ventricular  outputs,  have  
broader  peaks  to  the  flow  profiles  within  the  AAo  (figure  7.2.2b).  The  range  of  15-­‐90%  of  peak  flow  
was  therefore  chosen  to  ensure  that  this  broadening  of  the  peak  was  excluded  so  that  the  upslopes  
had  similar  profiles,  and  did  not  introduce  unnecessary  error  in  the  least  squares  fit  registration.  
  
  
Figure  7.2.2  ʹ  Upslope  regions:  a:  upslope  regions  defined  as  the  time  between  15%  and  90%  of  upstroke  flow  
are  superimposed  onto  the  flow  profiles  at  the  ascending  (red)  and  DAo  (blue).  The  two  flow  profiles  have  been  
shifted  along   the   time  axis  by  80  ms   for   clear  visualization  and  analysis  of   the  2  upslope   regions.  b:the   flow  
profile   in   the  AAo  of  an   infant  with  a  ductal   shunt  volume  of  62%     LVO   is   shown.   The  peak  of   the  AAo   flow  
profile  is  much  broader  than  the  in  figure  a  due  to  the  increased  blood  flow  volume  associated  with  the  PDA.  
The  red  circles  denote  the  maximum  peak  flow.    
  
  
The  upslope  regions  were  scaled  to  achieve  a  set  of  normalised  velocity  curves  of  uniform  scale  and  
a   least   squares   fit   (using   MathWorks   Matlab)   between   1st   and   scaled   upslope   regions   of   the  
consecutive  planes  was  performed  with  time  shift  as  a  single  free  parameter  (figure  7.2.3).  
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Figure  7.2.3  ʹ  Least  square  fit  registration:  scaled  upslope  regions  of  AAo  (red)  and  DAo  (blue)  flow  profiles  and  
subsequent  shifted  curve  (black)  from  least  squares  fit  registration.  
  
The   aortic   length   was   determined   from   interpolation   ďĞƚǁĞĞŶ ƚŚĞ ĐĞŶƚƌĞ ŽĨ ƚŚĞ ůƵŵĞŶ͛Ɛ ƐƉĂƚŝĂů
coordinates  at  each  clip  plane  along  the  centreline  of   the  aorta   (using  MathWorks  Matlab)   (figure  
7.2.4a  and  b).  The  centre  of   the   lumen  was  determined  by  visual  analysis.  Time  delay  was  plotted  
against  aortic  distance  between  the  1st  and  consecutive  planes.  PWV  (defined  as  aortic  length/time  
delay)  was  then  obtained  from  the  gradient  of  the  slope  (figure  7.2.5).  
  
Figure  7.2.4  ʹ   Aortic   Length:   Interpolation  a:  ďĞƚǁĞĞŶ ƚŚĞ ĐĞŶƚƌĞŽĨ ƚŚĞ ůƵŵĞŶ͛Ɛ ƐƉĂƚŝĂů ĐŽŽƌĚŝŶĂƚĞƐŽĨ ĞĂĐŚ
plane  was   performed   to   obtain,   b:   aortic   length   in  mm.   For   the   coordinate   system   shown   x   is   the   right   left  
direction,  y  is  the  anterior  posterior  direction  and  z  is  the  foot  head  direction.  
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Figure  7.2.5  ʹ  PWV:  Global  aortic  PWV  determined  from  the  graph  of  time  delay  against  length.  
  
Assessment  of  PWV  via  echocardiography  and  invasive  pressure  measures  
Echocardiography  PWV  Study  cohort  
Invasive   pressure   measurements   and   echocardiography   assessment   data   were   available   from   a  
separate   review   of   a   historical   cohort   of   41   preterm   infants  with  median   (range)   GA   27(24   ʹ   29)  
weeks  and  birth  weight  860(510  ʹ  1430)  grams.  Measurements  were  taken  12  hours  after  birth  and  
local  PWV  was  calculated  in  the  DAo  using  the  equations  below  (equation  7.7  and  7.8).  Infants  were  
inpatients  at  the  EĂƚŝŽŶĂůtŽŵĞŶ͛Ɛ,ŽƐƉŝƚĂů͕ƵĐŬůĂŶĚ͕ďĞƚǁĞĞŶϭĞĐĞŵďĞƌϮϬϬϮĂŶĚϭDĂǇϮϬϬϰ.  
Echocardiography   assessment   was   carried   out   by   one   of   two   investigators   (AMG   and   CAK,   see  
glossary  for  detailsͿ͕ďŽƚŚŽĨǁŚŽŵŚĂĚŵŽƌĞƚŚĂŶϮǇĞĂƌƐ͛ĞǆƉĞƌŝĞŶĐĞŝŶŶĞŽŶĂƚĂl  echocardiography  
at  the  start  of  the  recruitment  period  (Groves  et  al.  2008a).    
The  pressure  and  diameter  data  was  used  in  a  broader  study  to  assess  the  blood  flow  volume  in  the  
superior  vena  cava  and  DAo  in  the  newborn  infant  and  relationship  to  arterial  pressure  (Groves  et  al.  
2008a  and  2008b),   yet  was  not  used   for  evaluation  of  PWV.     The  quantification  of  PWV   from  this  
data  was  carried  out  by   the  author  of   this   thesis  and   intended   to  provide  a  gold   standard   for   the  
initial  assessment  of  4D  PC  MRI  PWV  feasibility  in  preterm  infants.  
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Echocardiography  protocol  
All   scans   were   performed   with   an   ATL   3000   ultrasound   scanner   (Advanced   Technological  
Laboratories,  Bothell,  Washington,  USA)  equipped  with  a  7  MHz  probe.  DAo  diameter  was  assessed  
as  close  as  possible   to   the  plane  of   the  aortic  valve  when  seen   in   the  parasternal   short  axis  view.  
Systolic   and  diastolic  DAo  diameter  was   assessed  by  M  mode   echocardiography   using   the   trailing  
edge-­‐leading  edge  technique.  DAo  diameter  was  averaged  over  5  consecutive  cardiac  cycles  for  both  
end  systole  and  end  diastole.  All  scans  were  analysed  using  in-­‐built  cardiac  analysis  software  on  the  
ultrasound  machine  and  measurements  were  performed  by  a  single  investigator  (AMG)  away  from  
the  cotside.  Full  details  are  given  in  Groves  et  al.  2008a.    
  
Invasive  pressure  measurements  
Systolic   and   diastolic   invasive   blood   pressure   values   were   taken   from   indwelling   arterial   lines.  
Measurements  were  downloaded  every  6  seconds  using  Marquette  Solar  8000  monitors  (GE  Medical  
Systems,  Wisconsin,  USA)  and  Bedmaster  V1.3  software  (Excel  Medical  Electronics  Inc,  Florida,  USA).  
The   downloaded   blood   pressure   value   is   an   average   of   the   blood   pressure   monitored   over   the  
previous  6   seconds.   These  measurements  of  blood  pressure  were   then  averaged  over   the  precise  
duration  of  the  echocardiogram  (Groves  et  al.  2008b).  
  
Data  processing  
To  determine  PWV  from  DAo  diameter  and  pressure  measurements  the  following  calculations  were  
performed.  From  an  extension  of  equation  7.1,  local  compliance  can  be  defined  as    
ܥ ൌ ο஺ο௉                                                                                                                                                                                                                                                                                                                              (7.7)  
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tŚĞƌĞѐ ŝƐ ƚŚĞĐŚĂŶŐĞ ŝŶ ůƵŵĞŶĂƌĞĂĂŶĚѐW ŝƐ ƚŚĞĐŚĂŶŐĞ ŝŶƉƌĞƐƐƵƌĞďĞƚǁĞĞŶĞŶĚƐǇƐƚŽůĞĂŶĚ
end  diastole.    
Local  PWV  can  then  be  defined  as    
  
ܹܸܲ ൌට ஺ఘ஼                                                                                                                                                                                                                                                                                                          (7.8)  
tŚĞƌĞŝƐƚŚĞ ůƵŵĞŶĂƌĞĂĂƚĞŶĚĚŝĂƐƚŽůĞĂŶĚʌ ŝƐƚŚĞďůŽŽĚĚĞŶƐŝƚǇĂƐƐƵŵĞĚƚŽďĞƚŚĞĐŽŶƐƚĂŶƚ
1055  kgm-­‐3  (Stalder  et  al.  2011).  PWV  was  calculated  in  this  manner  in  Vulliemoz  et  al.  2002  and  was  
taken  as  the  gold  standard  in  their  validation  study.    
  
Data  analysis  
The  invasive  pressure  and  echocardiography  based  PWV-­‐Pres  measurements  were  used  to  establish  
a  normative  range  and  to  assess  the  feasibility  of  4D  PC  MRI  PWV  quantification  in  preterm  infants.  
Neonatal  PWV-­‐MRI  values  were  compared  with  the  PWV-­‐Pres  values  and  previously  published  adult  
values.  PWV-­‐MRI  was  plotted  against  corrected  GA  to  examine  the   impact  of  PDA  on  PWV.  Linear  
regression  was   carried  out   to   investigate   the   relationship   between  birth  weight   z-­‐score   and   PWV  
(graph  shown  in  appendix  7.1).    
  
7.3.2  Results  
PDA  infants  within  the  PWV-­‐MRI  Study  cohort  
Of  the  9  subjects  studied,  5  were  control  infants  with  no  PDA  median  (range)  GA  28(25+3-­‐32)  weeks,  
cGA  34+3(30+4  ʹ  36+5)  weeks,  birth  weight  1035(690  ʹ  170)  grams  and  weight  at  scan  1670(960ʹ2070)  
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grams  were   scanned.  The  remaining  4   infants  with  median   (range)  GA  26(25+3  ʹ   27+2)  weeks,   cGA  
31+6(30+4   ʹ   32)   weeks,   birth  weight   875(680   -­‐   1000)   grams   and  weight   at   scan   1170(875   -­‐   1430)  
grams   had   PDA   demonstrated   on   echo   and   quantified   with   PC   MRI   (chapter   4).   Shunt   volumes,  
shown  in  table  7.2.1  ranged  from  12.1  ʹ  52.7%  of  LVO.  As  a  side  note  most  of  the  infants  within  the  
echo  cohort  would  have  had  a  PDA  at  the  time  of  scan  (12  hours  after  birth).      
  
GA  weeks   cGA  weeks   BW  g   Wt  at  scan  g  
PDA  shunt  
volume  %  
27+2   31+6   895   1215   12.1  
25+3   30+4   850   875   15.4  
26+3   32   1000   1430   15.9  
25+4   31+6   680   1125   52.7  
  
Table  7.2.1  ʹ  Shunt  Volumes:  GA,  cGA,  birth  weight  (BW),  weight  at  scan  (Wt)  and  shunt  volume  for  4  infants  
with  PDA.    
  
  
PWV-­‐MRI  values  
Mean  (range)  PWV  was  found  to  be  3.2(2.3-­‐5.1)ms-­‐1.  A  strong  linear  relationship  was  found  between  
upslope  and  aortic  distance  in  all  of  the  infants,  R2  ranged  from  0.89  ʹ  0.98  (figure  7.2.6).  
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Figure  7.2.6  ʹ   PWV:   Time  delay   (ms)  plotted  against   aortic   length   (mm)   for   W ;ӑͿ ĂŶĚ ĐŽŶƚƌŽů ;нͿ   infants.  
Global  PWV  is  derived  from  the  gradient  of  the  line.      
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Comparison  of  PWV-­‐MRI,  PWV-­‐Pres  and  previously  reported  adult  measures  
PWV  determined  by   echocardiography   and   invasive   pressure  measurements  was   found   to   have   a  
mean   (range)   of   2.6(1.8  ʹ   4.2)  ms-­‐1.   Both   echo   and  MRI   cohorts  were   plotted   against   cGA   (figure  
7.2.7).  A  trend  line  was  fitted  to  establish  a  normative  range  from  the  PWV-­‐Pres  measurements.  This  
trendline  and  its  95%  upper  and  lower  confidence  limits  were  projected  forward  to  include  the  PWV-­‐
MRI   cohort.   The   trendline   from   the  PWV-­‐Pres  data   indicated  an   increase   in  PWV  with   cGA.   From  
visual   assessment   the   PWV-­‐MRI  measurements   appeared   in   general   to   fit  within   this   trend.   Both  
PWV-­‐Pres  and  PWV-­‐MRI  measurements  were  found  to  be  lower  than  the  previously  reported  adult  
range  of  4  to  10  ms-­‐1  (Metafratzi  et  al.  2002).  
  
  
Figure   7.2.7   ʹ   Aortic   PWV   in   preterm   infants:   PWV   values   determined   from   invasive   pressure   and   echo  
measurements   (෽)   and   PC  MRI   (෽)   plotted   against   cGA.   Trendline   and   confidence   limits   from   the   PWV-­‐Pres  
cohort  have  been  projected  forward  to  aid  in  the  comparison  between  PWV-­‐MRI  measures.  
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Impact  of  PDA:  Initial  assessment  
The  normative  range  from  the  initial  PWV-­‐MRI  data  showed  that  1  PDA  infant  was  above  the  upper  
95%   confidence   limit.   This   infant  had   the   smallest  ductal   shunt  volume  of   the  4   infants   (12.4%  of  
LVO).    
  
Figure  7.2.8  ʹ  Normative  range:  cGA  plotted  against  PWV  for  infants  with  (෽)  and  without  (+)  PDA.  Initial  data  
in  9  infants.  
  
  
7.4  Quantification  of  Neonatal  Aortic  Flow  Regime  
  
7.4.1  Methods  
Data  processing  
The  method  presented   in  Stalder  et  al   (2011)  has  been  adopted   in   this   chapter   to   investigate   the  
flow  regime  along  the  neonatal  aorta.  Blood  flow  was  calculated  at  each  clip  plane  from  the  4D  PC  
MRI  data  using   the  matlab  based   software   tool   flow_tool   (Stalder  et   al.   2008),   as   in   the  previous  
PWV   method.   Flow   and   lumen   diameter   at   each   cardiac   phase   were   used   to   determine   a   time  
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resolved  Re  (equation  7.3)  at  numerous  locations  within  the  AAo,  arch  and  DAo.  Mean  vessel  lumen  
diameter,  averaged  heart  rate  over  the  scan,  mean  and  maximum  of  the  mean  cross-­‐section  velocity  
over   cardiac   cycle   were   then   used   to   calculate   Rec   for   each   individual   infant   (equation   7.4-­‐7.6).  
Calculation  of  Re  and  Rec  was  carried  out  in  matlab  (Matlab,  Mathworks).  Although  small  numbers  
the  calculation  of  Re  and  Rec   from  4D  PC  MRI  data  provided  a  preliminary  assessment  of  the   flow  
regime  along  the  neonatal  aorta.    
Re  and  Rec  were  also  calculated  in  the  same  manner  in  22  control  and  7  PDA  infants  from  the  LVO  
and   DAo   2D   PC   sequences   used   in   the   initial   2D   PC   PWV   study  mentioned   above.   The   accurate  
calculation  of  Re  and  Rec  is  not  dependent  on  equivalent  R  wave  triggering  between  sequences.    The  
22  control  preterm  and  term   infants  had  median(range)  GA  32+2(24+5  ʹ  38)  weeks,  cGA  33+6(27+5  ʹ  
38+6)  weeks,  birth  weight  1580(610  ʹ  3760)  grams  and  weight  at  scan  1660(745  ʹ  3780)  grams  were  
scanned.  Seven  infants  with  median(range)  GA  26+3(25+3  ʹ  28+4)  weeks,  cGA  30(27+4  ʹ  34+2)  weeks,  
birth  weight  1090(790  ʹ   1400)  grams  and  weight  at  scan  1270(1040  ʹ   1430)  grams  were   scanned  
and  had  PDA  determined  by  echo.  Shunt  volume  ranged  between  10.4  -­‐  62.4%  of  LVO  as  determined  
by  2D  PC  MRI  (chapter  4).  Results  are  included  in  this  section  to  provide  a  statistical  comparison  of  
the  flow  regime  at  the  LVO  and  DAo  aortic  locations  between  control  and  PDA  infants.    
  
Calculation  of  blood  properties  in  preterm  infants  
The  viscosity  of  blood  can  be  determined  by  the  haematocrit  level;  adult  blood  viscosity  has  a  linear  
relationship   to   Hct   for   values   below   65%   (Eckmann   et   al.   2000).   The   Hct   is   the   proportion,   by  
volume,  of  the  blood  that  consists  of  red  blood  cells  and  is  often  expressed  as  a  percentage  of  blood  
volume.   In   healthy   adult   subjects   the   Hct   is   fairly   constant   and   is   general   assumed   to   be   4.6   cp  
(centipoise)   (Stalder   et   al.   2011).   However,   Hct   levels,   and   consequently   blood   viscosity   can   vary  
greatly  in  neonates.  Neonatal  blood  has  the  same  viscoelastic  properties  as  adult  blood  despite  the  
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larger   red  blood  cells  and  higher  hemoglobin  count   (Mackintosh  et  al.  1973),  hence  below  an  Hct  
level   of   65%   the   relationship   to   viscosity   can   be   considered   linear.   A   study   by   Merchant   et   al  
(Merchant  et  al.  1992)  investigating  the  relationship  between  Hct  and  viscosity  in  preterm,  and  term  
infants  and  found  the  following  association  (equation  7.8).  Blood  viscosity  was  therefore  calculated  
on  an  individual  basis  from  Hct  taken  from  routine  blood  tests  within  24  hours  of  the  scan  as  this  can  
vary  significantly  in  newborns  (Linderkamp  et  al.  1984).  Hct  were  taken  as  the  percentage  volume  of  
the  blood  sample  after  being  placed  in  a  Hematocrit  centrifuge.  Blood  density  was  again  assumed  as  
ƚŚĞĐŽŶƐƚĂŶƚʌсϭϬϱϱŬŐŵ-­‐3  (Stalder  et  al.  2011).    
  
ɻ  =  0.73Hct  +  0.32                                                                                                                                                                                                                                                                                      (7.8)  
WŚĞƌĞɻсďůŽŽĚǀŝƐĐŽƐŝƚǇ͘  From  the  above  calculation  viscosity  has  units  of  millipoise.  One  poise  P  =  
0.1kgm-­‐1s-­‐1,  the  analogous  units  in  the  international  system  (SI)  of  units  is  the  Pascal  second  (Pa·∙s),  
1Pa·∙s  =  10P.  Hct  was  converted  to  these  SI  units  for  the  evaluation  of  Re  and  Rec.  
  
Regional  assessment  of  aortic  flow  regime  
To  determine  regional  Re  values,  the  location  of  each  clip  plane  was  defined  as  either  within  the  AAo  
(AAo),  arch  or  DAo  via  visual  analysis  of  the  position  along  the  aorta  as  shown  in  figure  7.2.9.  The  Re  
were  then  compared  to  Rec  (equation  7.3)  calculated  at  each  plane  in  each  individual.    
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Figure  7.2.9  ʹ  Regions  along  the  aorta:  AAo  (red),  arch  (green)  and  DAo  (blue)  regions  of  the  aorta  are  visually  
defined  from  the  isosurface-­‐volume  rendering  of  the  sum  of  squares  of  the  velocity  data  in  a  1.6kg  infant.    The  
aorta   is   shown   against   the   anatomical   magnitude   data   where   the   diaphragm   and   spine   can   clearly   been  
depicted.  
  
Statistical  analysis  
From  4D  PC  MRI  data  the  average  peak  RE  was  found  for  AAo,  arch  and  DAo  regions,  the  peak  Re  in  
the   3   aortic   regions   during   the   cardiac   cycle  was   also   normalized  by   the   critical   Re   calculated   for  
each  individual  subject  (Re/Rec)  and  the  flow  regime  along  the  neonatal  aorta  was  then  compared  
with  previously  reported  adult  data.  Re/Rec  at  the  LVO  and  DAo  was  also  calculated  from  the  2D  PC  
MRI  data  and  unpaired  t-­‐test  was  carried  out  to  compare  control  and  PDA  groups.    
  
7.4.2  Results    
Average   peak   Re   and   Re/Rec   for   the   AAo,   Arch   and  DAo   regions   (from   4D   PC  MRI)   for   individual  
infants  are  shown  in  table  7.2.2.  Mean  values  for  control  and  PDA  infants  are  also  displayed.  From  
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2D  PC  MRI  analysis  the  mean  peak  Re,  Rec  and  Re/Rec  for  control  and  PDA  infants  are  shown  in  table  
7.2.3.   Unpaired   t-­‐test   analysis   of   the   2D   PC   MRI   cohort   showed   that   there   was   no   significant  
difference   in  Re/Rec  at   the  LVO  or  DAo  slice   location  between   the  control  and  PDA  groups   in   this  
cohort   (p   =   0.14   and   0.57   respectively).   Although   the   cohort   is   small   this   is   also   indicated   in   the  
preliminary  4D  PC  MRI  Re  data  below.    
  
  
Wt  at  
scan  kg  
cGA  
wks   AAo      Arch    DAo     
  
      Re   Re/Rec  %   Re   Re/Rec  %   Re   Re/Rec  %  
control   0.96   30+4   601   33   528   29   469   29  
  
1.73   34+3   1062   44   805   37   694   37  
  
1.6   34+3   622   30   488   28   437   28  
  
2.07   36+5   727   33   592   31   542   32  
  
1.33   32+4   554   28   460   26   400   27  
PDA   0.88   30+4   594   31   538   31   430   27  
  
1.22   31+6   658   34   445   25   382   23  
  
1.43   32   1043   43   800   39   767   37  
  
1.13   31+6   863   39   670   38   532   31  
Mean  Control   1600   34   713   34   574   30   508   30  
Mean  PDA   1170   32   790   37   613   33   528   30  
Mean  Total   1330   32   747   35   592   32   517   30  
  
Table  7.2.2  ʹ  Aortic  flow  regime:  Weight  at  scan,  cGA,  mean  Re  and  Re/Rec  for  AAo,  Arch  and  DAo  regions  are  
shown  for  all  individuals.  Mean  of  above  values  for  control  and  PDA  infants  are  shown  in  the  bottom  2  rows.    
  
  
 
LVO 
  
DAo 
  
 
Re Rec Re/Rec % Re Rec Re/Rec % 
Controls 583 2005 29 489 1595 30 
       PDA 775 2207 35 590 1715 34 
  
Table  7.2.3  -­‐  Flow  regime:  mean  Re,  Rec  and  Re/Rec  are  shown  for  the  analysis  of  flow  regime  at  the  LVO  and  
DAo  2D  PC  MRI  acquisition  planes  between  control  and  PDA  infants.  
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Comparison  of  neonatal  and  adult  aortic  flow  regimes  
In   their   assessment   of   the   healthy   adult   aorta,   Stalder   et   al.   (2011)   found   that   the   peak   Re  was  
higher   in   the   ascending   than  DAo   ;уϰϱϬϬ ĂŶĚ уϰϮϬϬ ƌĞƐƉĞĐƚŝǀĞůǇͿ͘ From   the   4D  PC  MRI   neonatal  
data  peak  Re  was  also  found  to  be  higher  at  AAo  than  DAo  (747  and  517  respectively).    Stalder  et  al  
also  found  that  flow  instabilities  were  present  in  the  ascending  and  DAo  during  systole,  this  was  not  
found  in  neonates.  In  all  infants,  blood  flow  in  the  AAo,  Arch  and  DAo  was  well  below  the  turbulent  
regime.  
  
7.5  Discussion  
Invasive   techniques   such   as   catheter   hot-­‐film   anemometry   or   perivascular   Doppler   ultrasound   to  
measure  both  PWV  and  Re  are   still   the  most  accurate  methods   to  evaluate  PWV  and  presence  of  
turbulence,  but  are  not  ideal  in  the  neonatal  population.  Another  consideration  is  that  the  presence  
of   these  measuring  devices   affects   the   flow   regime  within   the   vessel  of   interest.   In   addition  non-­‐
invasive  PC  MRI  PWV  measures  have  been  compared  to  invasive  techniques  in  adults  and  found  to  
correlate  closely  (Grotenhuis  et  al.  2009)  (Vulliemoz  et  al.  2002).  The  successful  translation  of  4D  PC  
MRI  to  the  neonatal  population  would  provide  a  non-­‐invasive,  accurate,  comprehensive  assessment  
of   not   only   the   visualization   of   cardiovascular  morphology   and   flow   fields  within   (chapter   6),   but  
quantitative  analysis  of  the  hemodynamic  impact  of  prematurity.    
From  the  previous  chapters  a  significant  relationship  has  been  shown  between  ductal  shunt  volume  
and  increased  LVO.  This  increase  in  volume  is  associated  with  an  increase  in  pressure  (Levick,  Fifth  
Edition,  2010,  chpt  8),  yet  it  is  unknown  how  this  increase  in  stroke  volume  and  peak  pressure  effect  
aortic   compliance   and   turbulence,   but   it   could   be   expected   that   this   leads   to   reduction   in   vessel  
compliance  and  an  increase  towards  the  turbulent  regime  in  PDA  infants.    The  first  part  of  this  study  
quantified  PWV  in  preterm  and  term  infants  with  and  without  PDA  using  4D  PC  MRI:  firstly  to  assess  
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the  feasibility  of  PWV  measurements  and  secondly  to  establish  a  normative  range  in  this  cohort  and  
assess  impact  of  PDA.  The  second  part  of  this  study  utilized  4D  PC  MRI  flow  data  to  investigate  the  
flow  regime  within  the  aorta  in  neonates  with  and  without  PDA  based  on  a  method  first  laid  out  by  
Stalder   et   al   (2011).   The   flow   data,   heart   rate   and   vessel   diameter   were   used   to   calculate   a  
Womersley,  Strauhol  and  Re  number.  These  were  used  to  calculate  a  Rec  according  to  the  work  by  
Peacock  et  al   (1998)   to   assess   the  existence  of   aortic   flow   instabilities   in   the  neonatal  population  
with  and  without  PDA.    
  
Existing  methods  of  PWV  quantification  
Ultrasound-­‐based   carotid-­‐to-­‐femoral   artery   PWV   is   a   standard   clinical   procedure   in   both   adults  
(Wentland  et  al.  2013)  and  somewhat  in  neonates.  However,  distance  measurements  between  these  
two   locations  are   inaccurate  as   the  tortuous  path  of   the  vessel   is  not   taken   into  account;   this  can  
lead  to  differences  in  PWV  values  of  up  to  30%  (Salvi  et  al.  2008).  A  few  previous  studies  in  preterm  
infants   studies   have   assessed   aortic   compliance   from   ultrasound   based   vessel   diameter  
measurements  and  systemic  pressure  measurements   from  pressure  cuffs  on  the   limbs   (Mori   et  al.  
2006)   (Tauzin   et   al.   2006).   In   addition   to   the   low   repeatability   of   echo   measures   non-­‐invasive  
pressure  measurements  in  the  neonatal  population  are  prone  to  inaccuracies  and  these  studies  were  
not  validated.  For   this   study   it  was  decided   that   for  accurate  quantification  of  PWV   in  preterms  a  
more  robust  technique  was  needed.    
There  have  been  multiple  validated  methods  to  quantify  PWV  from  PC  MR  data  in  adults.  The  most  
common  method  is  the  transit  time  method  and  uses  the  foot  of  the  flow  curve  as  a  marker  for  the  
arrival  time  of  the  pulse  wave  at  specific  locations  along  the  vessel  (Dogui  et  al.  2011)  (Grotenhuis  et  
al.  2009)   (Mohiaddin  et  al.  1993)   (Wentland  et  al.  2013).  The  half  maximum  and  peak   flow  of   the  
upslope  has  also  been  used   (Wentland  et  al.  2013).  2D  PC  multisite  methods  using  a  para-­‐sagittal  
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slice  down  the  length  of  the  aorta  to  obtain  flow  waveforms  at  multiple  locations  along  the  length  of  
the  aorta  have  also  been  employed  (Fielden  et  al.  2008).  Velocity  data  is  acquired  in  two  directions  
(anterior   posterior   and   foot   head)   and   the   centreline   of   the   lumen   is   determined.   The   cross-­‐
correlation  function  applies  a  time  shift  to  the  waveforms  at  multiple  locations  to  the  first  location  
until  the  highest  correlation  between  the  two  values  is  obtained.  This  effectively  returns  a  time  shift  
relative  to  the  first  location.  The  change  in  arterial  lumen  diameter  coupled  with  flow  measurements  
have  also  been  used  to  infer  PWV  (Vulliemoz  et  al.  2002).  
More   recently   Markl   et   al   (2012)   presented   a   technique   that   uses   the   time-­‐to   peak   flow   that  
estimates  PWV  by  fitting  a  plane  to  the  upslope  region  in  a  least  square  sense.  The  slope  of  the  plane  
as   a   function   of   analysis   plane   position  measured   changes   in  waveform   delays   across   all   analysis  
planes  and   thus   resembled  global  aortic  PWV   (Markl  et  al.  2012).  The   technique  presented   in   the  
subsection   above   is   based   on   this   design.   Unlike   the   time   to   foot   or   peak   methods   above   the  
registration  of  the  entire  upslope  region  meant  that  the  calculated  time  delay  did  not  rely  on  a  single  
point   to   be   defined   from   the   flow   profiles,   reducing   the   error   in   time   delay   calculation   between  
planes.    
  
PWV  measurements  from  2D  PC  MRI  
Initially  neonatal  PWV  values  were  determined  from  two  2D  PC  MRI  sequences  at  the  aortic  valve  
and   in   the  DAo  at   the   level  of   the  diaphragm   (this  work  was  not   included   in   this   thesis).  This  was  
then   combined  with  a   separate   length  measurement   taken   from  a  pilot   sequence  aligned   sagittal  
oblique  along  the  arch  (Broadhouse  et  al.  2012).  This  method  gave  rise  to  inaccuracies  in  the  pulse  
wave  arrival  time  at  each  location  from  erroneous  R  wave  triggering  and  the  tortuous  arch  and  2D  
pilot   sequence   lead   to   inaccurate   aortic   length  measurements.   PWV   calculation   from   4D   PC  MRI  
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eliminates   the   ECG   temporal  misregistration   and   the   pseudo   angiogram   reduces   the   error   in   the  
aortic  length  measurement.    
4D  PC  MRI  datasets  were  then  acquired  and  PWV  and  Re  were  assessed  in  9  infants.  The  discussion  
presented   here   aims   to   consider   the   observations   and   possible   significance   seen   from   these  
preliminary  data,  and  deliberate  areas  of  future  study.  
  
Comparison  between  PWV-­‐MRI  and  PWV-­‐Pres  
The   comparison   between   the   PWV-­‐Pres   and   PWV-­‐MRI   measures   was   to   provide   an   initial  
assessment  of  the  feasibility  of  4D  PC  MRI  aortic  PWV  measurements   in  preterm  infants.  Accurate  
validation   of   this   technique   is   discussed   in   chapter   8,   future  work.   Consequently   there   are   a   few  
considerations  when   comparing   the   PWV-­‐Pres   and   PWV-­‐MRI  measures.   Firstly   the   PWV-­‐Pres   is   a  
regional  measure  of  PWV  in  the  DAo  at  the  level  of  the  aortic  valve  plane;  the  PWV-­‐MRI  is  a  measure  
of  global  aortic  PWV.  The  aortic  compliance  could  change  over  the  length  of  the  aorta  (Laurent  et  al.  
2006)  however,  the  high  R2  values  of  the  4D  PC  MRI  measurements  indicate  that  PWV  does  not  vary  
considerably  from  aortic  valve  to  DAo  at  the  level  of  the  diaphragm  in  preterm  infants.  Consequently  
the  comparison  between  global  and  regional  PWV  is  practical.    
Secondly  the  measures  were  taken  in  2  different  cohorts  with  respect  to  GA  and  post  natal  age.  The  
PWV-­‐Pres   group   had   lower   GA   (24-­‐29   weeks)   and   all   were   scanned   at   12   hours   after   birth.   In  
comparison   infants   within   the   PWV-­‐MRI   group   were   all   older   in   gestation   at   birth   and   scanned  
outside  the  transitional  period  (between  3  -­‐  6+3  weeks  after  birth).  It  is  unclear  how  prematurity  and  
postnatal   age   effect   aortic   compliance.   The   extra-­‐uterine   circulatory   demands   on   the   preterm  
vasculature  that  is  still  developing  may  lead  to  abnormal  vessel  compliance  and  is  an  area  of  study  
worth  investigating  (chapter  8).    
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Considering   the   above   limitations   the   PWV-­‐Pres   normative   range   with   PWV-­‐MRI   values  
superimposed  gave  encouraging  results,  indicating  that  4D  PC  MRI  PWV  measurements  are  feasible  
in   the   preterm  population.   The  majority   of   the   9   infants   assessed  with   4D  PC  MRI   lay  within   the  
normative   range   and   followed   the   same   linear   trend   of   slightly   increasing   stiffness   with   GA.  
Metafratzi   et   al.   2002   reported   a  PWV   range   from  4   to  10  ms-­‐1   in   the   healthy   adult   aorta,  whilst  
Vulliemoz  et  al.  2002  found  a  mean  PWV  of  4.4  ms-­‐1.  Both  PWV  measurements  in  infants  were  found  
to  be  lower  than  the  reported  adult  ranges.  As  the  multiple  studies  carried  out  across  different  age  
ranges   have   been   performed   with   various   methods   it   is   difficult   to   perceive   whether   there   is   a  
progressive  increase  in  vessel  stiffness  from  preterm  to  term  to  pediatrics  to  adulthood  and  finally  to  
old  age,  however  the  data  suggests  that  this  is  the  case.    
As   an   additional   point   of   interest,   previous   studies   in   pediatrics   and   neonates   have   shown   an  
association  between  preterm  infants  born  at  low  birth  weight  and  increased  aortic  stiffness  (Cheung  
et   al.   2004)   (Mori   et   al.   2006)   (Norman  et   al.   2008)   (Tauzin   et   al.   2006)   and   this  may  explain   the  
increased   risk   of   heart   disease   in   adulthood   seen   in   this   population.   Yet   the   inception   of   this  
increased  stiffness  in  this  population  is  still  unclear.  Linear  regression  analysis  was  carried  out  on  the  
PWV-­‐Pres  cohort  to  assess   if  any  significant  association  existed  between  decreased  birth  weight  z-­‐
scores   and   increase   in   PWV   and   was   found   to   be   close   to   significant   (p   =   0.06)   (graph   show   in  
appendix  7.1).  This  suggests  that  this  difference  in  aortic  stiffness  may  be  apparent  very  shortly  after  
birth  (PWV-­‐Pres  measurements  were  taken  12  hours  after  birth).  4D  PC  MRI  could  be  implemented  
in  longitudinal  studies  to  investigate  the  development/progression  of  this  increase  in  aortic  stiffness  
in   low   birth  weight   preterm   infants  where   long   term   arterial   lines   and   therefore   invasive   arterial  
pressure  measurements  are  not  ideal.    
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Impact  of  PDA  on  vessel  compliance  
All   but   1   PDA   infant   remained  within   the   normative   range   derived   from   both   the   PWV-­‐Pres   and  
initial  9  PWV-­‐MRI  values  (figure  7.2.8/9).  In  addition  this  infant  had  the  lowest  ductal  shunt  volume  
of   the   group   with   12.4%   of   LVO   as   determined   by   PC   (chapter   4).   This   may   suggest   that   the  
significant   increase   in   stroke   volume   and   pressure   associated   with   high   shunt   volumes   does   not  
stretch  the  aorta  so  much  that  aortic  compliance  is  significantly  decreased.  However,  in  high  ductal  
shunt  infants  with  significantly  increased  LVO,  the  low  impedance  pathway  through  the  duct  to  the  
pulmonary   circulation  may   play   an   important   role   to   reduce   blood   flow   and   pressure   in   the   DAo  
(chapter  4)  downstream  of  the  duct  and  maintain  PWV.    
  
Protocol  considerations  
Although   the   PWV-­‐Pres   measurements   were   seen   as   the   gold   standard   in   this   study   the   echo  
measurements  of  DAo  diameter  are  observer  dependent.    Vessel  diameter  assessment  by  M  mode  
in   the   parasternal   short   axis   view   can   lead   to   inaccuracies   in   the   diameter   and   therefore   area  
calculations  if  the  true  centreline  of  the  lumen  is  not  imaged.  Bland-­‐Altman  repeatability  analysis  of  
the  mean  DAo  diameter  from  echo  measurements  gave  a  repeatability  index  (RI)  of  19%  (Groves  et  
al.   2008a).   Invasive   pressure   measurements   combined   with   lumen   area   values   from   MRI   with  
adequate   spatial   and   temporal   resolution   may   provide   a   more   accurate   PWV   measure.   The  
validation  of  4D  PC  MRI  PWV  measurements  is  discussed  in  more  detail  in  chapter  8.  
To  obtain  PWV  from  the  4D  PC  MRI  data  the  least  square  fit  registration  was  performed  on  upslope  
regions  obtained  from  interpolated  time  resolved  flow  data  at  20  time  intervals  in  the  cardiac  cycle.  
The   average   heart   rate   in   this   neonatal   population   was   160bpm.   This   gave   rise   to   a   temporal  
resolution   of   19ms.   In   adult   PWV   quantification   20   cardiac   phases   is   considered   at   the   limit   to  
accurately  quantify  arrival  time  of   the  pulse  wave.  However  the  systolic  period   in  adults   is  around  
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30%   of   the   entire   cardiac   cycle   in   neonates   it   is   around   45-­‐50%   due   to   the   high   heart   rate   and  
reduced   diastolic   function.   Consequently   the   upslope   region   is   a   larger   proportion   of   the   cardiac  
cycle,  sampled  at  more  time  points  comparable  to  30  cardiac  phases  in  an  adult  dataset  and  initial  
data  suggests  that  this  is  adequate.  However,  as  mentioned  above  the  validation  of  this  technique  in  
a  neonatal  regime  is  discussed  in  chapter  8.    
  
Re  calculation  and  assessment  of  aortic  flow  regime  
Analysis  of  aortic  flow  regime  
According   to   the   comprehensive   study   carried   out   by   Stalder   et   al   (2011)   in   healthy   adults,   flow  
instabilities  but  not  fully  evolved  turbulent  flow  were  found  to  occur   in  the  ascending  and  DAo.   In  
the   AAo,   arch   and  DAo   Re  was   <<   Rec   in   all   infants   in   this   study,   even   in   those  with   large   shunt  
volumes   (mean  Re  and  Rec   for  AAo  ʹ   790,  1700,   for  Arch  ʹ   613,  1840  and   for  DAo  ʹ  528,  1649)).  
There  was  no  evidence  to  suggest  the  presence  of  turbulent  flow   in  the  aorta  except  at  the  highly  
localised   site  of   the   bifurcation  of   the  PDA   (as   seen   in   chapter   6)  where   the  assumptions   for   the  
calculation  of  Re  analysis  does  not  hold.  The  significant   increase   in  heart   rate  and  the  decrease   in  
flow  volume  and  diameter  (which  is  of  an  order  of  magnitude)  between  the  adults  and  neonates  are  
the  prominent  factors  in  the  Womersley  and  Strauhol  numbers  that  act  to  stabilize  flow.  Hence  for  
blood  flows  with  comparable  velocity   (both  adult  and  neonatal  aortic  blood  velocity  are  of  similar  
magnitude),   flow   instabilities  will  occur  at  higher  Re   in   smaller  vessels   relative   to  vessels  of   larger  
diameter.   Likewise   acceleration   stabilizes   flow   and   turbulence   takes   time   to   develop,   the   higher  
heart  rates  seen  in  infants  also  acts  to  stabilize  flow.  Consequently  a  turbulent  aortic  flow  regime  is  
very  unlikely  in  neonates.      
Although  from  the  discussion  above,  a  fully  evolved  turbulent  flow  regime  was  not  expected  in  the  
PDA  infants,  it  was  at  first  surprising  that  there  was  no  noticeable  increase  in  Re/Rec  in  PDA  infants  
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(table   7.2.2   and   7.2.3)   considering   the   significantly   elevated   cardiac   outputs   (chapter   4   and   5).  
However,  when  considering  the  influence  of  each  variable  (vessel  diameter  (Dm),  flow  volume  (Q),  
peak  mean   (vp)  and  mean   (Vm)   cross   sectional  velocity,  heart   rate   (f)  and  viscosity   ;ɻ)  on   the   flow  
regime  and   the  critical  Re  this   can  be  explained   (ďůŽŽĚĚĞŶƐŝƚǇ͕ʌǁĂƐĂƐƐƵŵĞĚĂĐŽŶƐƚĂŶƚͿ.   From  
sensitivity   analysis   both   diameter   and   flow   are   the   dominant   factors   in   the   calculation   of   Re   and  
both  diameter  and  heart  rate  are  the  dominant  factors  in  the  calculation  of  Rec.  Considering  the  Re  
calculation   (equation   7.3),   although   flow   volume   is   significantly   increased   in   PDA   infants,   this   is  
somewhat  compensated  for  by  the  fact  that  the  aortic  diameter  in  PDA  infants  was  shown  to  be  at  
the  upper  end  of  the  range.  When  considering  the  calculation  of  Rec  (equation  7.4  ʹ  7.6),  the  large  
aortic   diameters,   significantly   increased   heart   rates   in   PDA   infants   and   the   fact   that   there   is   no  
significant   difference   in   vp   and   vm   in   control   and   PDA   infants   acts   to   increase   Rec;   flow   becomes  
turbulent   at   higher   Re   in   PDA   infants.   Hence   although   flow   is   significantly   increased   in   the   PDA  
infants   the   increase   in   heart   rate   acts   to   stabilize   flow,   it   appears   that   flow   remains   below   the  
transitional   regime   even   in   PDA   infants   as   turbulent   flow   does   not   have   time   to   develop.   These  
results   and   the   visualization   of   flow   field   in   chapter   6   indicate   that   the   presence   of   the   PDA  and  
additional  stoke  volume  is  unlikely  to  cause  a  fully  developed  turbulent  regime.  
The  work  in  this  thesis  has  predominantly  been  focused  on  the  systemic  hemodynamic  impact  of  the  
PDA.  Yet  during  Doppler  echocardiographic  assessment  of  the  PDA  a  jet  of  blood  from  the  PDA  into  
the  pulmonary  artery   is  often  observed.  Presumably   this  will   cause  a  degree  of  disrupted,   chaotic  
flow  within  the  pulmonary  trunk  and  arteries.  Quantification  of  flow  in  the  pulmonary  vessel  was  not  
feasible  with  the  current  2D  PC  MRI  protocol  presented  in  chapter  4.  In  addition  the  sagittal  oblique  
aligned   4D   PC   sequence   and   VENC   optimized   for   aortic   flow   velocities   meant   that   often   the  
pulmonary   trunk   was   outside   the   acquired   volume   and   flow  within   the   left   and   right   pulmonary  
arteries  was  aliased.  Hence  evaluation  of  Re  and  also  PWV  from  2D  and  4D  PC  MRI  data  presented  in  
this  thesis  was  not  possible.  However  with  an  optimized  acquisition  the  calculation  of  PWV,  Re  and  
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assessment  of   flow  regime  within  these  vessels  could  provide   insight   into  the  association  between  
PDA  and  respiratory  status,  this  is  discussed  in  more  detail  in  chapter  8.    
  
Re  study  considerations  
In-­‐vivo,   non-­‐invasive   assessment   of   flow   regimes   remains   difficult   and   this   study   is   limited   by   a  
number  of   assumptions  made  about   the  physiological   system  by   the  definition  of  Re.  The  Re  was  
originally  defined  from  observations  of  laminar  flow  of  a  Newtonian  fluid  in  a  straight  rigid  pipe,  not  
pulsatile  flow  through  compliant  vessels.  However  the  aorta  can  be  assumed  to  be  a  straight  vessel  
as   the  major   diameter   of   the   arch   is  much   greater   than   the  minor   diameter   of   the   aorta.   Vessel  
compliance  may  act  to  increase  flow  instabilities  in  systole,  however  as  the  flow  regime  in  neonates  
is  below  the  transitional  regime  it  is  unlikely  to  cause  turbulence.    
In  addition  the  calculation  of  Re  and  Rec   in   the  DAo  does  not   take   into  account   the  presence  of  a  
PDA,   in   this   situation   the   aorta   and   shunt   vasculature   can   be  modelled   as   a   T   junction.      This  will  
increase   flow   instabilities   (act   to   decrease   Rec)   downstream   of   the   PDA   for   a   certain   length  
determined  by  the  vessel  and  flow  parameters.  This  is  very  difficult  to  model.  Yet  as  stated  above  Re  
in  the  AAo  and  DAo  is  well  below  the  turbulent  regime  even  in  significant  PDA  infants.  However,  as  
shown   in   chapter   6   there  may   be   some  highly   localized   turbulence   around   the   bifurcation   of   the  
PDA.      
Another   limitation   arises   from   the   properties   of   blood.   Blood   is   a   shear-­‐thinning,   non-­‐Newtonian  
fluid  (Eckmann  et  al.  2000),  the  viscosity  decreases  as  the  shear  stress  increases;  this  is  partly  due  to  
the  alignment  of  red  blood  cells  at  high  velocities  (Eggleton  et  al.  1998).  However  above  a  shear  rate  
of   100s-­‐1   typically   found   in   the   major   arteries   and   more   specifically   the   aorta,   viscosity   can   be  
assumed  as  constant  (Eckmann  et  al.  2009).    
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Hct  levels  taken  within  24  hours  of  the  scan  were  used  to  derive  the  individual  blood  viscosity  (mean  
(range)  was  found  to  be  3.6(2.2  ʹ  6.1)cp).  However  Hct  level   in  neonates  can  vary  over  a  few  days  
ĂŶĚŵĂǇďĞĂƐŽƵƌĐĞŽĨĞƌƌŽƌǁŚĞŶĚĞƌŝǀŝŶŐƚŚĞǀŝƐĐŽƐŝƚǇ͘ĞŶƐŝƚǇŝƐĂůƐŽƚĂŬĞŶĂƐĂĐŽŶƐƚĂŶƚʌсϭϬϱϱ
kgm-­‐3  when  in  reality  this  may  vary  from  individual,  yet  without  data  on  plasma  volume  (which  was  
not   available)   this   is  difficult   to   calculate  accurately.  However   the   viscosity   and  density   terms  will  
tend  to  compensate   in  evaluation  of  Re/Rec  and  there   is  a   relatively   low  dependency  on  both  Hct  
ĂŶĚ ʌ ǁŚŝĐŚ ǁŝůů ƌĞĚuce   errors.   As   an   additional   point   of   interest   a   multiple   linear   regression  
revealed  a  significant  association  between  increase  in  Hct  and  decrease  in  LVO  normalised  by  weight  
at  scan  when  correcting  for  postnatal  age,  p  =  0.014  (figure  7.  5.1).  This  was  not  taken  into  account  
when  considering  PWV  analysis,  PWV  may  vary   in   individual   ŝŶĨĂŶƚƐĂƐɻ   fluctuates;  periods  of   low  
Hct  may   lead   to   increased   PWV   due   to   decreased   vessel   compliance   as   the   aorta   is   stretched   to  
accommodate  the  increased  LVO.      
  
  
Figure  7.5.1  ʹ  Hct  and  LVO:  LVO  plotted  against  Hct  in  22  preterm  infants  without  PDA  depicts  an  inverse  
relationship  between  the  two.  
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7.6  Conclusion  
In  summary  the  feasibility  of  using  4D  PC  MRI  flow  data  to  determine  PWV  and  Re  in  the  neonatal  
population   has   been   demonstrated.   The   common   congenital   defect   PDA   was   also   studied   to  
investigate   the  hemodynamic   impact  of   the  duct.   In   this   initial   study  aortic  PWV  was   found   to  be  
lower  than  previously  reported  healthy  adult  ranges.  Data  suggests  that  the  increasing  linear  trend  
of  PWV  with  age  seen  in  adults  can  be  extrapolated  back  to  the  preterm  cohort.  
It   is   a   common   clinical   belief   that   large   shunt   volumes   disrupt   normal   aortic   flow.   However,  
calculations  of  Re  and  Rec  revealed  that  flow  regimes  at  the  aortic  valve  and  in  the  DAo  were  well  
below   the   turbulent   regime   in   infants   with   and   without   PDA.   The   increased   heart   rate   is   the  
prominent   factor   and   acts   to   stabilize   flow;   for   this   reason   even  with   elevated   flow   volumes   and  
pressure  seen  in  PDA  infants,  flow  is  not  turbulent.    
Previous  echo  analysis  of   the  PDA   is  unable   to  evaluate   the   full   hemodynamic   and   cardiovascular  
impact   of   the   duct.   The   application   of   4D   PC  MRI   not   only   allows   the   visualization   of   blood   flow  
patterns   (chapter   6)   but   also   the   quantification   of   cardiovascular   parameters.   With   the   further  
implementation  of  4D  PC  MRI   a  comprehensive  assessment  of   the  vasculature   and   corresponding  
hemodynamics  seen   in  preterm   infants   to  assess   the   impact  of  prematurity  and  the  presence  of  a  
PDA  can  be  achieved.    
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Chapter  8  
Thesis  Conclusion  
  
8.1  Thesis  conclusion  
The  incidence  of  premature  birth  is  increasing  in  absolute  number  and  as  a  proportion  of  all  births  
around  the  world  (Yeaney  et  al.  2007).  The  survival  rates  in  preterm  and  extremely  preterm  infants  
are  increasing  due  to  advances  in  perinatal  care,  yet  these  infants  are  more  likely  to  have  long  term  
morbidities   and   adverse   neurodevelopmental   outcome   compared   to   their   term   born   peers.   The  
premature   transformation   from   fetal   to   extra   uterine   life   leads   to   abrupt   alterations   in   the  
circulatory  system,  as  to  maintain  adequate  blood  flow  to  the  developing  organs  in  the  two  extreme  
environments   requires   very   different   circulation   and   cardiovascular   function.   As   a   result   the  
persistent   patency   of   the   extra   cardiac   shunt,   the   ductus   arteriosus   is   common.   This   delay   in  
circulatory   adaption,   a   prolonged   PDA,   is   thought   to   contribute   to   abnormal   hemodynamics   and  
potential   deficits   in   organ   perfusion   in   preterm   infants.   However   the   resultant   effects   of   the  
immature   circulatory   system   are   numerous,   complex   and   poorly   understood   as   both   the   body  
tissues  and  the  circulation  supplying  them  are  immature.  
Cardiac   MRI   has   contributed   greatly   to   the   understanding   of   many   cardiovascular   diseases   and  
congenital  defects   in  paediatric  and  adult  patients.  Translating  these   imaging  techniques   to  assess  
the   preterm   cardiovascular   system   requires   careful   optimization   due   to   their   condition,   size   and  
significantly   increased  heart   rate.   The  work   presented   in   this   thesis   employed  multiple   functional  
MRI   techniques   to   investigate   the   immature   preterm   cardiovascular   system   and   the   resultant  
cardiac  function,  blood  flow  distribution  and  flow  regime  in  the  presence  and  absence  of  a  PDA.    
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Determining   whether   a   PDA   is   clinically   significant   is   challenging.   This   is   highlighted   in   the  
controversy   over   degree   of   assessment,   appropriate   indications   for   treatment   and   treatment  
approaches.   In  addition  multiple   randomized  controlled  trials   to  assess  optimal   treatment   for  PDA  
have   shown   no   improvements   in  mortality   or   significant   long-­‐term  morbidity   (Wyllie,   2003).   The  
studies  presented  in  this  thesis  aim  to  investigate  the  preterm  cardiovascular  system  and  impact  of  
PDA  with  scope  to  better  understand  the  development  and  effects  of  certain  pathologies  seen  in  this  
cohort.  
Firstly  a  PC  MRI  protocol  to  quantify  ductal  shunt  volume,  global  upper  and  lower  body  flow  volumes  
and  distribution  of   global   systemic  blood   flow   in   the  presence  of  PDA   in  neonates  was  presented  
(chapter   4).   dŽ ƚŚĞ ĂƵƚŚŽƌ͛Ɛ ŬŶŽǁůĞĚŐĞ ƚŚŝƐ ŝƐ ƚŚĞ ĨŝƌƐƚ ƐƚƵĚǇ ŽĨ ĂŶǇ ŬŝŶĚ ƚŚĂƚ ŚĂƐ ĂĐĐƵƌĂƚĞůǇ
quantified   ductal   shunt   volume   and   the   resultant   systemic   flow   in   preterm   infants.   The   protocol  
presented   here   has   been   shown   to   have   good   repeatability   and   can   easily   be   implemented   on  
standard  MRI  systems,  hence  could  potential  be  employed  to  facilitate  trials  of  targeted  intervention  
to  close  a  PDA.  
Initial  data  suggested  that  despite  large  shunt  volumes  (up  to  74%  of  cardiac  output),  total  systemic  
circulation   for   the  majority  of   infants  was  maintained  and  was   achieved  by   significantly   increased  
LVO.  The  preservation  of  upper  body  blood  flow  supports  the  suggestion  that  forced  closure  of  the  
duct  with  the  aim  of  maintaining  cerebral  perfusion  may  be  unfounded  (Shimada  et  al.  1994).  Initial  
data  to  quantify  regional  abdominal  blood  flow  and  impact  of  a  PDA  indicated  that  intestinal  blood  
flow   may   potentially   be   maintained   even   in   the   presence   of   a   large   shunt   volume.   This   study  
provides  valuable  insight  into  the  hemodynamic  impact  of  the  PDA  and  suggests  that  many  preterm  
infants   outside   the   transition   period   are   able   to   increase   stroke   volume   to   compensate   for   the  
systemic  steal  of  blood  flow  through  the  duct.    
In  addition  to  the  significantly  increased  left  ventricular  output,  the  left  ventricle  appeared  enlarged  
in   PDA   infants.   The   common   clinical   belief   that   large   ductal   shunt   volumes   are   associated   with  
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congestive  heart  failure  (Agarwal  et  al.  2007)  (Baylen  et  al.  1977)  (Schmitz  et  al.  2003)  is  partly  due  
to  the   idea  that  systemic  blood  flow   is   reduced   in   these   infants  as  well  as   the  notable   increase   in  
cardiac   dimensions.   In   chapter   5   the   assessment   of   left   ventricular   dimension   and   function   in  
preterm  and  term  infants  with  and  without  PDA  was  presented.  Quantification  of  LVO,  end  diastolic  
volume   and   LV  mass   confirmed   observation   and   were   found   to   be   significantly   increased   in   PDA  
infants.  Moreover  a  significant  association  was  found  between  increased  LV  mass  and  ductal  shunt  
volume.  Data  also  suggested  that  these  hearts  may  be  disproportionately  hypertrophic.  However,  EF  
and   LV   fractional   thickening   remained   within   the   normal   range   and   no   association   was   found  
between  EF  and  ductal  shunt  volume.  In  addition  when  plotting  the  Frank  Starling  curve,  all  control  
and  PDA  subjects  were  consistent  with  a  single  linear  trend  with  no  evidence  of  a  decline  that  may  
indicate  heart  failure.  This  suggests  that  left  ventricular  function  (global  contractility)  was  generally  
maintained  in  these  enlarged  hearts.    
This  protocol  provided  good  agreement  with  PC  output  measures  and  offers  a  non-­‐invasive  method  
to   quantify   cardiac   dimension   and   function   that   is  more   reliable   and   repeatable   than   echo  based  
methods.   Additional   left   ventricular   volumetric   and   functional   analysis   in   5   infants   post   PDA  
treatment  highlight  the  need  for  further   investigation  to  aid  targeted  treatment  approach.  Further  
implementation  of  the  protocol  presented  here  would  provide  valuable  information  into  the  cardiac  
function  of  preterm   infants   in  general   and  of   the  effect  of  different   treatment  approaches   in  PDA  
infants.      
4D  PC  MRI  data  is  a  valuable  tool  in  adult  cardiac  assessment  and  the  complex  flow  patterns  within  
the  healthy  adult  aorta  have  been  visualized  and  well  documented.  Partly  due  to  their  size,   fragile  
state  and  lack  of  patient  cooperation  acquiring  4D  PC  MR  data  in  the  preterm  cohort  is  challenging  
and   consequently   data   does   not   extend   back   to   this   population.   The   visualization   of   the   3  
dimensional  aortic  flow  patterns  in  preterm  infants  with  and  without  PDA  has  not  been  carried  out  
before.   A   4D   PC   MRI   sequences   with   adequate   spatial   and   temporal   resolution   would   allow   a  
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comprehensive   study   of   the   cardiovascular   flow   patterns   present   in   preterm   infants   and  
hemodynamic  impact  of  prematurity  and  the  PDA.  In  chapter  6  4D  PC  MRI  datasets  in  a  preliminary  
preterm  cohort  to  investigate  the  aortic  blood  flow  patterns  in  the  presence  and  absence  of  PDA  was  
presented.  The   initial   data   suggests   that  quantification  of  blood   flow  volumes  and  visualization  of  
flow   fields   from  4D  PC  MRI   is   feasible   in  preterm  and   term   infants.   The   comparison  of   the  aortic  
blood  flow  patterns  in  a  control  and  PDA  infant  suggested  that  systolic  flow  was  not  disrupted  in  the  
presence  of  a  large  ductal  shunt  volume.    
In  the  final  work  chapter,  chapter  7  the  4D  PC  sequences  were  employed  to  evaluate  PWV  and  flow  
regime   within   the   preterm   aorta.   Previous   assessment   of   aortic   compliance   measurements   in  
neonates  have  involved  ultrasound  based  vessel  diameter  and  non-­‐invasive  pressure  measurements,  
ďŽƚŚŽĨǁŚŝĐŚĂƌĞƵŶƌĞůŝĂďůĞ͘dŽƚŚĞĂƵƚŚŽƌ͛ƐŬŶŽǁůĞĚŐĞƚŚĞĂƐƐĞƐƐŵĞŶƚŽĨĂŽƌƚŝĐĨůŽǁƌĞŐŝŵĞŚĂƐ
not  been  carried  out  in  the  preterm  population.  Aortic  PWV  was  found  to  be  lower  than  previously  
reported   healthy   adult   ranges   and   flow   regimes   along   the   aorta   were   well   below   the   turbulent  
regime  in  infants  with  and  without  PDA.  The  comparable  aortic  flow  regimes  found  within  PDA  and  
healthy  preterm  term  infants  suggests  that  any  association  with  pathology   is  multifaceted.   Further  
implementation   of   4D   PC   MRI   sequences   in   this   cohort   can   provide   a   non-­‐invasive,   accurate,  
comprehensive   assessment   of   not   only   the   visualization   of   cardiovascular   morphology   and   flow  
fields  within,  but  quantitative  analysis  of  the  hemodynamic  impact  of  prematurity.  
In   summary   the   impact   of   the   abrupt   cardiovascular   alterations   seen   in   preterm   infants   as   a  
response  to  the  extreme  changes  in  circulatory  requirements  is  complex  and  poorly  understood.  The  
correlation   of   PDA   to   multiple   pathologies,   differing   diagnostic   criteria   for   ductal   patency   or  
significance  and  the  controversy  over  appropriate  treatment  is  a  reflection  of  this.  The  work  in  this  
thesis   demonstrates   the   feasibility   of   utilizing   multiple   CMR   techniques   to   assess   the   immature  
preterm  cardiovascular  system  and  the  resultant  cardiac  function,  blood  flow  distribution  and  flow  
regime   in   the  presence  and  absence  of  a  PDA.  All  4  work  chapters  have  provided  valuable   insight  
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into   the   hemodynamic   impact   of   the   PDA   and   suggest   that   despite   significantly   increased   shunt  
volumes  and  cardiac  dimensions  systemic  blood  flow,  LV  function  and  aortic  compliance  and  blood  
flow   regime   can  be   relatively  maintained   in  PDA   infants  outside   the   transitional  period.  However,  
respiratory   problems   are   closely   associated   with   PDA   and   impact   of   the   shunt   volume   on   the  
pulmonary   circulation  was   not   evaluated   in   this   thesis.   Although   systemic   blood   flow  was   largely  
maintained,   the   extra   blood   volume   through   the   lungs   is   another   aspect   of   the   PDA   that   needs  
investigating.  Findings  support  the  suggestion  that  treatment  should  be  carried  out  on  an  individual  
basis   and   the   CMR   protocols   presented   in   this   thesis   can   aid   future   studies   to   investigate   the  
association  between  PDA  and  pathologies  seen  in  this  cohort.    
  
8.2  Future  work  
The  following  subsection  provides  considerations  and  discussion  for  future  work  resulting  from  each  
work  chapter  in  this  thesis.  
  
Regional  flow  quantification  
The   protocol   presented   in   chapter   4   provides   a   highly   repeatable   method   to   indirectly   quantify  
ductal   shunt   volume   and   distribution   of   systemic   flow.   Previous   clinical   trials   to   determine  
appropriate   treatment  of   the   PDA  have   all   been  weakened  by   the   limited   ability   to   quantify   PDA  
shunt   volume   and   the   impact   on   systemic   and  pulmonary   blood   flow  with   accuracy.   This   PC  MRI  
technique  could  be  used  in  the  future  to  facilitate  trials  of  targeted  intervention  to  close  a  PDA.  
The  results  presented  in  chapter  4  indicate  that  a  large  shunt  volume  may  not  be  a  determinant  of  
aberrant   global   systemic   blood   flow   or   pathology.      Quantification   of   regional   blood   flow   and   the  
resultant  impact  of  the  PDA  presented  in  this  thesis  was  limited.  In  the  first  study  upper  body  flow  is  
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assumed  to  be  indicative  of  cerebral  flow.  Although  this  assumption  is  reasonable,  further  work  to  
quantify  cerebral   flow   in   the  presence  of  PDA  via  PC  MRI  may  provide   insight   into  the  association  
between  PDA  and  adverse  neurodevelopmental  outcome.  Similarly  the  volume  of  ductal  shunt  can  
be   used   to   infer   that   pulmonary   flow   is   increased   yet   the   quantification   of   pulmonary   flow   and  
correlation  to  respiratory  status  may  provide  additional  understanding  into  the  association  with  PDA  
and  pulmonary  pathology.  A  PC  MRI  protocol  to  investigate  regional  blood  flow  in  the  presence  of  a  
PDA  would  in  order  to  explore  possible  associations  between  ductal  shunt  volumes,  treatment  and  
outcome  would  be  valuable.  
Initial   results   from   the   quantification   of   abdominal   flow   suggested   that   flow   within   the   superior  
mesenteric   artery   may   be   maintained,   yet   the   current   spatial   resolution   would   limit   flow  
quantification   in   the   very   small   infants.   Necrotising   enterocolitis   (NEC)   is   a   known   concern   in  
preterm  infants  and  is  associated  with  PDA.  A  longitudinal  study  of  abdominal  flow  (with  adequate  
spatial  resolution)   in  infants  at  high  risk  of  NEC  acquired  at  the  same  time  after  feeds  may  provide  
insight  into  the  onset  and  development  of  the  pathology  and  determine  key  risk  factors.  .    
  
Cardiac  structure  and  function  
The  work   in  chapter  5  presented  data  assessing  the   impact  of  PDA  on  cardiac  function.  This  study  
provided  information  on  the  global  contractility  parameters  such  as  ejection  fraction  and  fractional  
myocardial  wall  thickening.  Although  global  function  was  seen  to  be  maintained  in  the  majority  of  
PDA  infants,  temporal  changes  in  function  were  not  investigated.  In  addition  it  appeared  that  heart  
rate   variability   was   decreased   in   these   infants   (chapter   5).   Whether   this   indicates   cardiac   and  
autonomic  stress  is  unclear.    Diastolic  function,  and  more  specifically  relaxation  and  compliance  are  
known   to   be   decreased   in   preterm   infants   (Kozak-­‐Barany   et   al.   2001).   Investigation   of   regional  
myocardial  strain,  stress  and  torsion  would  provide  a  comprehensive  assessment  of  cardiac  function.  
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A   study   considering   the   left   ventricular   diastolic   passive   and   active   filling   periods   will   provide  
understanding   into  the  added  workload  imposed  on  the  heart  due  to  the  additional  blood  volume  
and  increase   in  arterial  pressure  and  give   insight   into  the  effect  of  the  observed  decrease   in  heart  
rate  variability  in  these  infants.  
The  second  study  presented  in  chapter  5  provided  evidence  of  LV  remodelling  in  PDA  infants  and  the  
indication  that  treatment  of  the  PDA  may  alter  LV  dimension  and  function.  This  emphasizes  the  need  
for  further  investigation  and  understanding  of  the  resultant  effect  of  treatment.  The  techniques  and  
work  presented  in  this  thesis  could  be  employed  to  perform  a  longitudinal  study  to  quantify  ductal  
shunt   volume   and   resultant   left   ventricular   function   prior   to   and   after   treatment   to   further  
investigate  and  aid  targeted  treatment  approach.    
Recent  diffusion  MRI  tractography  studies  of  the  structure  and  orientation  of  myofibres  in  preterm,  
neonatal  and  adult  bovine  and  human  hearts  have  demonstrated  the  plasticity  of  the  neonatal  heart  
(Chen  et   al.  2013)   (Mekkaoui   et   al.  2013).   The  arrangement  of  myofiber   structure   into   the  helical  
pattern  seen  in  adults  occurs  early   in  the  second  trimester  and  the  dense  sheet  arrangement  only  
begins  after  this,  consequently  the  myocardium  is  still  developing  after  term  (Mekkaoui  et  al.  2013).  
The   preterm   heart   undergoes   significant   structural   and   functional   changes   shortly   after   birth   to  
provide   the   circulation   sufficient   for   extra-­‐uterine   life.   Further   in-­‐vivo   longitudinal   studies   to  
investigate  the  development  of  the  myofibers  structure  and  orientation  in  preterm  and  term  infants  
would  aid  in  the  understanding  the  impact  of  prematurity  and  PDA  (more  specifically  the  increased  
preload  and  arterial  pressure).    
Finally  work  in  this  chapter  provided  data  on  the  impact  of  PDA  on  left  ventricular  dimensions  and  
function.  However  a   large  shunt  volume  will   lead  to  pulmonary  hyper-­‐perfusion  causing   increased  
right  ventricular  afterload.  Assessment  of   the   right  ventricle   (RV)   from  the  current  2D  SSFP  stacks  
presented  in  this  work  would  be  suboptimal  due  to  crescent  shape  of  the  RV  and  misalignment  of  
the  atrioventricular  valves:   in  general   the   tricuspid  valve   resides  more  distal   from  the  base  of   the  
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heart  and  oblique  to  the  mitral  valve.  To  assess  the  entire  cardiac  function  in  the  presence  of  a  PDA  
3D  SSFP  imaging  could  be  utilized.  
  
Aortic  hemodynamics  in  preterm  infants  
From   the   4D   PC   data   presented   in   chapter   6   visual   analysis   of   velocity   vectors   along   the   aorta  
reveaůĞĚĂĐůŽĐŬǁŝƐĞŚĞůŝĐĂůĨůŽǁƉĂƚƚĞƌŶŝŶƚŚĞĂŽƌƚŝĐĂƌĐŚŝŶďŽƚŚĂ͞ŚĞĂůƚŚǇ͟ĂŶĚWŝŶĨĂŶƚ͘dŚĞ
significance  of   this   and   the  association  with  efficient   flow   is  unknown.   Further  data  acquisition   to  
quantify   the  helicity  of  blood   flow  within   the  aorta  and  association  with  upper  body  and  cerebral  
flow  may  provide  insight  into  neurological  outcome  in  the  preterm  cohort.  
A  recent  study  by  Barker  et  al   (2013)  calculated  the  energy   loss   in  the  presence  of  aberrant  aortic  
flow  patterns  in  aortic  valve  disease  patients.  The  disruption  of  aortic  flow  leads  to  an  increase  in  left  
ventricular  afterload.  The  3  dimensional  velocity  field  was  used  to  calculate  the  viscous  energy  loss  
along   particle   traces   seeded   from   the   AAo,   the   extra  work   or   left   ventricular   afterload  was   then  
quantified.  Abnormal,  high  helical  flow  patterns  in  patients  lead  to  an  increase  in  energy  loss  when  
compared  to  controls,   indicating   that   inefficient   flow   increases   the  work   load  of   the   left  ventricle.  
The  quantification  of  energy  loss  along  the  aorta  in  the  presence  and  absence  of  PDA  would  improve  
understanding   of   the   impact   of   PDA   on   cardiac   work   load   and  may   be   correlated   to  myocardial  
hypertrophy  observed  in  chapter  5.  
  
Aortic  flow  regime  
At   present   the  most   reliable   PWV   calculations   in   preterm   infants   consists  of   an   invasive   pressure  
measurement,   which   is   unfavourable   in   this   population   (particularly   for   longitudinal   studies)   and  
ultrasound   based   vessel   diameter   measurements,   which   can   be   inaccurate.   Although   the  
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quantification   of   PWV   from   4D   PC  MRI   has   been   well   documented   in   the   adult   population,   this  
technique  has  not  been  validated  in  the  preterm  cohort.  A  validation  study  in  a  silicon  model  aorta  
phantom   with   pulsatile   flow   generating   equivalent   physiological   conditions   of   the   preterm  
cardiovascular  system  (aorta  dimensions  and  compliance,  pulse  wave  pressure  and  upslope  shape)  
could  be  used   to   compare   the  4D  PC  MRI  protocol  and   invasive  pressure  based  measurements  of  
PWV.    Such  a  study  is  planned  and  it  is  hoped  that  invasive  pressure  based  PWV  and  4D  PC  MRI  PWV  
measurements  will  have  good  correlation.    
Previous   studies   in   pediatrics   and   neonates   have   shown   an   association   between   preterm   infants  
born   at   low   birth   weight   and   increased   aortic   stiffness   (Cheung   et   al.   2004)   (Mori   et   al.   2006)  
(Norman  et  al.  2008)  (Tauzin  et  al.  2006),  (the  association  found  between  birth  weight  z-­‐scores  and  
PWV  in  the  preliminary  study  presented  in  chapter  7  was  near  significant,  p  =  0.06).  This  may  partly  
explain  the  increased  risk  of  heart  disease  in  adulthood  seen  in  this  population.  4D  PC  MRI  could  be  
implemented  in  longitudinal  studies  to  investigate  the  development/progression  of  this  increase  in  
aortic   stiffness   in   low   birth   weight   preterm   infants   where   long   term   arterial   lines   and   therefore  
invasive   arterial   pressure   measurements   are   not   ideal.   In   addition,   the   extra-­‐uterine   circulatory  
demands   on   the   preterm   vasculature   that   is   still   developing   may   lead   to   abnormal   vessel  
compliance.  There  is  a  lack  of  consensus  as  to  whether  prematurity  and  postnatal  age  are  associated  
in  alterations  in  aortic  compliance.  This  is  partly  due  to  the  multiple  assessment  methods  used  and  
inaccuracies   in   ultrasound   based   protocols   for   calculating   vessel   length   and   diameter.   The  
continuation  of  PWV  analysis   in  preterm   infants  may  provide  understanding   into   the   inception  of  
increased  wall   stiffness   in  pediatrics  born  premature  at   low  birth  weight   and   if   there   is   a   general    
association  between    prematurity  and  increased  PWV.    
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Assessment  of  pulmonary  circulation  and  right  ventricular  function  
The  presence  of  a  PDA  is  associated  with  pulmonary  pathology  such  as  respiratory  distress  syndrome  
and  pulmonary  haemorrhage  (Sankar  et  al.  2008)  (Sasi  et  al.  2011).  Yet  the  work   in  this  thesis  has  
looked  predominantly  at  the  impact  of  PDA  on  the  systemic  cardio  vasculature  hemodynamics  and  
function.  Although   an   increase   in   pulmonary   blood   flow   can  be   inferred   from   the   increase   in   left  
ventricular  output   and  ductal   shunt   volume   in  PDA   infants,   or   indirectly   calculated   from   the   right  
ventricular  output  and  shunt  volume  (chapter  5),  the  true  impact  of  the  duct  on  pulmonary  function  
and  the  right  side  of  the  heart  were  not  investigated.    
Direct  quantification  of  the  blood  flow  through  the  pulmonary  trunk  and  left  and  right  arteries  was  
found  to  be  difficult  in  theses  infants  due  to  the  small  size,  and  curvature  of  the  vessels  (chapter  4).  
From  4D  PC  MRI  analysis   (chapter  6),   due   to   the  orientation  of   the  acquisition   volume,  often   the  
pulmonary  trunk  was  not   included,  the  spatial  resolution  was  often  too   low  to  accurately  quantify  
flow  in  the  right  and  left  pulmonary  arteries  in  the  smaller  infants  and  there  was  often  considerable  
aliasing  which  meant  that  quantification  of  the  pulmonary  flow  from  these  datasets  was  not  feasible.    
An   initial   evaluation   to  assess   total   pulmonary   flow  was   carried  out   from  segmentation  of   the   RV  
(chapter  5)  and  showed  as  expected  that  pulmonary  flow  was  dramatically  increased  in  infants  with  
large   shunt   volumes.   However   there   is   still   some   disagreement   over   the   correct   MR   imaging  
orientation   and   segmentation   protocol   when   quantifying   RV   dimension   and   function   due   to   its  
concave   profile   (Schulz-­‐Menger   et   al.   2013).   The   accuracy   of   RV   segmentation   carried   out   in   this  
work  was  not  assessed  against  the  pseudo  gold  standard  of  PC  MRI  in  neonates.  From  Bland-­‐Altman  
analysis   between   left   and   right   output   values   derived   from   ventricular   segmentation   volumes   a  
somewhat   low   correlation   was   found   (chapter   5).   In   addition   the   RV  myocardium-­‐tissue   boarder  
contrast   was   not   adequate   to   allow   semi-­‐automated   or   manual   segmentation   of   the   epicardial  
boarder  with  confidence,  therefore  functional  analysis  of  the  RV  myocardium  was  not  performed.  It  
was   felt   that   higher   spatial   resolution   is   needed   to   accurately   quantify   the   RV   dimension   and  
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function.   Three   dimensional   SSFP   acquisitions   with   appropriate   spatial   and   temporal   resolution  
providing   full  coverage  of  the  heart  would  allow  segmentation  of   the  RV  and  LV  and  would  be  an  
interesting  area  of  future  work.  
  
Right  ventricular  function  
In  left  to  right  shunt  PDA  infants  the  extra  blood  volume  overloads  the  immature  lungs  and  leads  to  
pulmonary  hyper-­‐tension;  the  RV  is  then  required  to  generate  more  pressure  to  eject  blood  into  the  
pulmonary   circulation   increasing  workload  on   the   side  of   the  heart   that   at   term   is  within   the   low  
pressure   system.   In   the   case   of   right   to   left   shunting   the   RV   will   experience   increased   preload  
instead  of  the  LV,  cardiac  function  in  this  scenario  will  potentially  be  very  different.  Furthermore  in  
principle,  in  preterm  infants  the  transition  of  ventricular  dominance  from  right  to  left  is  incomplete  
(smolich  et  al.  1995),  how  the  presence  of  the  PDA  and  associated  increase  in  pulmonary  pressure  
impacts  this  transition  warrants  investigation.  Following  on  from  the  discussion  above,  an  accurate  
protocol   to   evaluate   RV   and   LV   function   would   provide   insight   into   the   consequent   pulmonary  
hyper-­‐perfusion   in  the  presence  of  a  PDA  and  the   influence  of  the   increased  afterload  as  well  and  
the   result   systemic   impact.   The   correlation   between  RV   functional   data   and  pulmonary   status,   as  
well  as  the  LV  function  and  systemic  perfusion  information  would  provide  a  comprehensive  analysis  
of  the  PDA.  Evaluation  of  the  extent  and  temporal  nature  of  the  possible  RV  hypertrophy  caused  by  
this  increased  afterload  in  PDA  infants  would  be  a  valuable  area  of  future  work  and  provide  further  
insight  into  appropriate  and  targeted  treatment.    
  
Flow  regime  within  the  pulmonary  arteries    
During   Doppler   echocardiographic   assessment   of   the   PDA   a   jet   of   blood   from   the   PDA   into   the  
pulmonary  artery  is  often  observed  (figure  8.2.1).  Presumably  this  will  cause  a  degree  of  disrupted  
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flow   within   the   pulmonary   trunk   and   arteries.   The   extra   blood   volume   entering   the   pulmonary  
vasculature   via   the   duct  will   cause   an   increase   in   pressure   and   therefore   RV   afterload   and  vessel  
compliance   may   be   decreased.   The   addition   of   turbulent   flow   will   act   to   increase   this   already  
overloaded  pulmonary  system  and  decrease  the  efficiency  of  blood  transport.  It  was  not  feasible  to  
quantify  pulmonary  blood  flow  from  2D  or  existing  4D  PC  MRI  data  (chapter  4  and  7).  An  optimized  
axial   4D   PC   sequence   providing   coverage   of   the   pulmonary   vessels   with   appropriate   spatial  
resolution  and  VENC  would  allow  assessment  of  the  PWV,  Reynolds  number  and  flow  regime  within  
these  vessels.  Correlation  of  pulmonary  hemodynamics  to  respiratory  status  and  RV  function  would  
again  provide  insight  into  the  full  impact  of  the  PDA  and  association  with  respiratory  pathology.  
  
  
Figure  8.2.1  ʹ  Visualization  of  pulmonary  blood  flow:  Doppler  echocardiographic  assessment  of  the  pulmonary  
arteries  and  PDA  blood  flow  at  peak  systole.  Red  represents  blood  flowing  towards  the  transducer  at  the  top  of  
the  image;  blue  represents  blood  flow  away  from  the  transducer  probe.  Blood  flow  from  the  PDA  can  be  seen  
leaving   the   duct   (red)   and   flowing   into   the   LPA   and   trunk,  meeting   blood   flowing   in   the   opposite   direction  
(blue).   This  will   presumably   causes   chaotic,   disruptive   flow  within   the  pulmonary  arteries,  whether   this   flow  
regime  approaches  turbulent  is  unclear.  However  this  jet  of  blood  flow  will  lead  to  aberrant  flow  patterns  and  
decrease  the  efficiency  of  blood  flow  in  the  pulmonary  circulation.    
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Summary  
Neonatal   cardiac  MRI   has   been   demonstrated   to   be   highly   feasible   by   this   and   other   studies.   It  
appears   to   offer   advantages   over   echo   in   terms   of   an   ability   to   systematically   study   the  
cardiovascular  system  with  lower  variability  than  echo,  although  it  is  of  course  both  more  expensive  
and   less   widely   available,   particularly   in   a   form   suitable   for   application   to   very   sick   infants.   It   is  
hoped   that   the   current   study   has   provided   some   valuable   methods   and   initial   data   to   provide  
normative  ranges  and  assess  the  impact  of  PDA.  However,  many  more  areas  of  investigation  persist  
and   this   remains   an   exciting   area   to   develop   not   only   for   diagnosis   of   individuals   and   treatment  
monitoring,  but  potentially  for  the  next  generation  of  clinical  trials  designed  to  create  the  evidence  
base  for  future  rational  treatments.    
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Appendix  
  
A.4.1  ʹ  Multiple  Linear  Regression  Analysis  ʹ  Impact  of  Ductal  Shunt  Volume  on  Systemic  
Blood  Flow  Distribution  
Multiple  linear  regressions  was  carried  out  to  investigate  the  association  between  upper,  lower  body  
flow  and  upper/lower  body  flow  ratio  and  ductal  shunt  volume  when  correcting  for  gestational  age.  
The  graphs  are  shown  below.  
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Figure  A.4.1  ʹ  multiple  linear  regression  graphs:  association  between  ductal  shunt  volume  and  systemic  blood  
flow  distribution.  
  
A.5.1  ʹ  Linear  and  Multiple  Linear  Regression  Analysis  ʹ  Impact  of  Ductal  Shunt  Volume  on  
LV  volumetrics  
Linear  regression  was  carried  out  to  investigate  the  relationship  between  EF  and  LVmass  and  EDV  in  
control  infants,  the  graphs  are  shown  below.  
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A.5.1  linear  regression:  association  between  EF  and  LVmass  and  EDV  in  control  infants.  
  
Linear  regression  was  then  carried  out  to  investigate  the  relationship  between  EF  and  LVmass,  EDV  
and  ductal  shunt  volume  as  %  LVO  in  PDA  infants.  
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A.5.2  Linear  regression:  association  between  EF  and  LVmass,  ductal  shunt  volume  and  EDV  in  PDA  infants.  
Multiple   linear   regressions   were   then   used   to   assess   the   relationship   between   LVmass,   EDV   and  
MyoV/EDV  and  ductal   shunt   volume  when   correcting   for  postnatal   age  and   cGA.   The   relationship  
between  LVmass  and  respiratory  support  correcting  for  cGA,  postnatal  age  and  ductal  shunt  volume  
was  then  investigated  with  multiple  linear  regression.  
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Figure   A.5.3   Multiple   linear   regression:   association   between   LV   volumetrics   and   ductal   shunt   volume   and  
respiratory  support.  
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A.6.1  ʹ  Velocity  Vectors  and  Helical  Flow  
Velocity   vectors   depicting   the   nature   of   blood   flow   along   the   aorta   in   the   additional   7   infants   in  
chapter  6  are  shown  below.  Varying  degrees  of  helical  flow  can  be  seen  within  the  aortic  arch  in  all  
infants.  
  
Figure   A.6.1a   Velocity   vectors:   Flow   patterns   within   the   aorta   of   a   preterm   infant   with   a   low   ductal   shunt  
volume  of   15.0%  of   LVO.  GA      25+3  weeks,   cGA   30+4  weeks,   birth  weight   850   grams   and  weight   at   scan   875  
grams.    
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Figure   A.6.1b   Velocity   vectors:   Flow   patterns   within   the   aorta   of   a   preterm   infant   with   a   low   ductal   shunt  
volume  of  12.1%  of   LVO.  GA     27+2  weeks,   cGA  31+6  weeks,  birth  weight  895  grams  and  weight   at   scan  1220  
grams.    
  
Figure   A.6.1c   Velocity   vectors:   Flow   patterns   within   the   aorta   of   a   preterm   infant   with   a   low   ductal   shunt  
volume  of  15.5%  of   LVO.  GA     26+3  weeks,   cGA  32  weeks,  birth  weight  1000  grams  and  weight  at   scan  1400  
grams.    
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Figure   A.6.1d   Velocity   vectors:   Flow   patterns  within   the   aorta   of   a   preterm   infant  with   a   high   ductal   shunt  
volume  of  52.7%  of   LVO.  GA     25+4  weeks,   cGA  31+6  weeks,  birth  weight  680  grams  and  weight  at   scan  1130  
grams.    
  
Figure  A.6.1e  Velocity   vectors:   Flow  patterns  within   the  aorta  of   a  preterm   infant.  GA  25+4  weeks,   cGA  32+4  
weeks,  birth  weight  690  grams  and  weight  at  scan  1330  grams.    
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Figure  A.6.1f  Velocity   vectors:   Flow  patterns  within   the  aorta  of   a  preterm   infant.  GA     31+4  weeks,   cGA  34+3  
weeks,  birth  weight  1450  grams  and  weight  at  scan  1600  grams.    
  
Figure   A.6.1g   Velocity   vectors:   Flow   patterns   within   the   aorta   of   a   preterm   infant.   GA   32   weeks,   cGA   36+5  
weeks,  birth  weight  1740  grams  and  weight  at  scan  2070  grams.  
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7.1  ʹ  Linear  Regression  Analysis-­‐  Impact  of  Birth  Weight  z-­‐scores  on  PWV  
inear  regression  shows  the  relationship  between  PWV-­‐Pres  and  birth  weight  z-­‐scores.  
  
  
Figure  A.7.1  ʹ  linear  regression:  association  between  PWV  and  birth  weight  z-­‐scores.  
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